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Outline 
This work correlates the chemistry of phenol-formaldehyde (PF) resins, its 
functionalities with their microstructural and mechanical properties in composite 
materials. The main focus is put on the development of the pores in 
dependence on the chemical composition of the resins and their influence on 
the structure of the material.  
Chemical characteristics of the synthesized resins are analyzed and 
physical/mechanical properties of the matrices based on PF resins are 
determined. Differences in the chemical properties are detected e.g. by FT-IR 
and NMR spectroscopy. They indicate the existence of similar molecular basic 
structure units, but different network conditions of the resins. DSC investigations 
point on different reaction mechanisms and temperatures; they reveal also their 
changed thermal behavior. The bulk matrix behavior differs from that of the 
composite based on the same resin due to the three dimensional stress and 
strain fields in the composites. The structure of the CFRP composites is 
strongly depended on the fiber/matrix interaction. The fiber matrix bonding 
(FMB) strength controls the load transfer via shear forces and therefore the 
segmentation of the fiber bundles.  
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Phenol-Formaldehyde (PF) resin, Carbon fiber, Interface, Carbon-Fiber 
Reinforced Plastics, Fiber-Matrix Bonding (FMB), TG-DSC, SEM, Hardness 
(Martens), Microstructure 





Modifizierte PF–Harze für C-faserverstärkte Verbundwerkstoffe: Chemische 
Harzcharakterisierung, mikrostrukturelle und mechanische Eigenschaften ihrer 
Verbunde im Polymerzustand. 
 
Dissertation an der Fakultät für Maschinenbau der Technischen Universität 
Chemnitz, Lehrstuhl für Verbundwerkstoffe, Institut für Werkstoffwissenschaft 
und Werkstofftechnik, Chemnitz, 2010 
 
169 Seiten,     70 Abbildungen,     12 Tabellen,     102 Literaturzitate 
 
Referat 
In dieser Arbeit wird der Zusammenhang zwischen der Chemie des Phenol-
Formaldehyd(PF)-Harzes, seiner Funktionalität und seinen Eigenschaften in 
CFK-Verbundmaterialien untersucht. Die Arbeitsschwerpunkte liegen auf der 
Untersuchung der Entstehung von Poren in Abhängigkeit vom chemischen 
Zustand der PF-Harze und deren Einfluss auf die C-Faserbenetzung und 
Mikrostruktur des Materials. 
Die chemischen Charakteristika der synthetisierten Harze wurden untersucht 
und die physikalisch/mechanischen Eigenschaften des Bulkharzes und der 
Matrix im Verbund ermittelt. Es wurden Unterschiede in den chemischen 
Eigenschaften u.a. durch FT-IR- und NMR-Spektroskopie nachgewiesen. Sie 
deuten auf ähnliche Molekülgrundstrukturen aber unterschiedliche 
Netzwerkstrukturen bei den verschiedenen Harzen hin. DSC-Untersuchungen 
weisen unterschiedliche Reaktionsmechanismen und –temperaturen nach; sie 
erklären auch ihr verschiedenes thermisches Verhalten. Vom Verhalten der 
Matrix im Bulk kann jedoch nicht direkt auf das im Verbund geschlossen werden, 
da dort kompliziertere Spannungszustände herrschen. Die Struktur des CFK-
Verbundwerkstoffs hängt von der C-Faser/Harzwechselwirkung ab. Indem die 
Faser/Matrixbindungsstärke (FMB) über die maximal übertragbaren Scherkräfte 
bestimmt steuert sie die erste Segmentierung. 
 
Schlagworte 
Phenol-Formaldehyd (PF) -Harz, C-Faser, Interface Verbundwerkstoff, 
Kohlenstofffaserverstärkter Kunststoff (CFK), Faser/Matrixbindung (FMB), TG-
DSC, REM, Härte (Martens), Mikrostruktur 
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Abstract  
 
 Tailored materials with properties dedicated to the application are 
required for both, low cost and high end products, i.e. for cost reduction and for 
obtaining outstanding material properties. This need for materials with specific 
properties led to the development of composite materials, which open a wide 
spectrum of properties obtainable and that is quite different from the pure matrix 
and from the reinforced materials. 
 This thesis focuses on polymeric composites, which are of special 
interest by their own (e.g. carbon fiber reinforced plastics, CFRP) but also as 
precursors for further processed materials like carbon/carbon (C/C) composites. 
The investigation is tried to find up unified view point of the phenol-
formaldehyde resin for chemical modification and their correlated macroscopical, 
mechanical and structural effects. Therefore, at first insight is given in the 
correlation of PF resin and corresponding chemical denotations. Depending on 
the application, their advantages for making composites (e.g. CFRPs) are the 
low resin costs, high stiffness composites and high carbon yields, when used as 
a precursor for a subsequent carbonization step. The cohesion of the matrix, 
the fiber/matrix bonding strength and the porosity are examples of parameters 
influenced by the curing process. The elastic modulus of the bending strength 
and hardness are other macroscopical properties depending on chemistry and 
sample history. 
 This study is controlled the synthesis conditions of the starting resin as 
well as possible by in-house fabrication and using knowledge of the resin 
chemistry. The same is valid for the in-house CFRP manufacturing process. 
Additionally, a chemical characterization of the PF resins is performed by the 
fourier transform infrared spectroscopy (FT-IR), nuclear magnetic resonance 
spectroscopy (NMR) and simultaneous thermal analysis (STA). Of course, that 
is appended to characterize the starting materials (raw material quality control). 
 Five different resins got processed to manufacture CFRPs and 
additionally unreinforced bulk resin samples. Essential influences of the 
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chemical modifications (e.g. PF-addition reaction time, temperature, catalysts, 
networking agents, ...) on the microstructure and the mechanical performance 
(hardness, elastic modulus, D) are detected for the CFRP composite as well as 
for the bulk matrix. In case of bulk matrix investigation, the existence of internal 
stress conditions is defined more clearly, because fiber induced internal stress 
does not exist. The influences of the chemical modifications are revealed under 
identical processing condition for CFRPs using different types of carbon fiber 
weaves (i.e. PAN and Pitch type) by microstructure analysis and mechanical 
tests. The PAN type CF (T300) always shows higher fiber-matrix bonds (FMBs) 
than the less reactive pitch type CF (YSH50A). This effect is responsible for 
significant difference in the porosity of bulk resin samples compared to the 
CFRPs of the same rate resin and processing. For this investigation, resins 
have been tried to modify the reactivity of the monomer by taking influence on 
the PF-addition reaction by catalysts or modifying the network density by 
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Kurzfassung 
 
PF-Harze sind die ersten vollständig synthetisch erzeugten Harze (Baekeland, 
1907);  sie wurden umgehend erfolgreich kommerzialisiert. Die Phenolharz-
entwicklung ging der Entwicklung aller anderen Polykondensationsharze voran 
und lieferte verallgemeinertes Grundlagenwissen über Polykondensationsharze. 
So z.B. führt Formaldehyd, das am häufigsten eingesetzte Aldehyd, je nach Art 
des 2. Kondensationspartners (Phenol bzw. Amin) die Phenolplaste oder die 
Aminoplaste. Weitere Verallgemeinerungen z.B. auf Aldehyde und andere 
Kondensationspartner sind möglich. Das Verständnis  der PF-Harze wurde bis 
in der 1950-er Jahre stetig vertieft und führte zu Bindungs- und 
Reaktivitätsmodellen im Sinne der Elektronentheorie der Bindung. Auf dieser 
Basis (aromatische Zustände) wird die hohe C-Ausbeute und Bedeutung der 
PF-Harz  für Carbonisierungsvorgänge verständlich. Die Elektronentheorie der 
Bindung, wie sie heute in der theoretischen Chemie üblich ist, begründet die 
Harzreaktivität und der Wunsch sie experimentell zu beeinflussen.  
Der Bindungseinfluss richtet sich einerseits auf den Matrixaufbau (Netzwerk-
dichte, Porosität, D) und andererseits auf die Wechselwirkung mit den Fasern, 
um z.B. bessere Schadenstoleranz (via FMB) der zeugten Verbunde zu erzielen. 
Alternativ kann bei identischen Harzen und gleicher Verarbeitung auch die 
Variation der Faserfunktionalität zu Schadenstoleranz führen. 
PF-Harze finden weitreichende Anwendung auf Grund des niedrigen Preises 
und von Vorzügen wie der Brandfestigkeit, der hohen C-Ausbeute im Pyrolysat 
und der Eignung zur Erzielung hoher Wertschöpfung im High-End Produkt-
bereich, insbesondere wenn höhere Verarbeitungsstufen erreicht werden als 
der C/C und C/C-SiC-Zustand. PF-Harze werden hier eingesetzt als 
Bulkmatrices (Referenzmaterial) und als identisch prozessierte C-
Faserverbundwerksstoffe mit Laminataufbau. Der PF- Harzzustand wird bei 
Einsatz als Matrix innerhalb der Verbunde und als bulkartiges Referenzmaterial 
untersucht.  
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Aufgabe dieser Arbeit ist es, Korrelationen zwischen dem chemischen Zustand 
der Harze und ihren mikrostrukturellen und mechanischen Eigenschaften, 
soweit möglich, aufzuzeigen. Aus diesem Grund ist es unverzichtbar, die 
Schritte der  PF-Prepolymererzeugung und die nachfolgenden 
Reaktionsmechanismen, die zum Härten Führen, genau zu kennen. 
Aus diesem Grund werden einige Harze selbst, ab-initio über die Phenol-
Formaldehyd-Addtionsreaktion synthetisiert und neben kommerziellen 
Produkten zur CFK-Verbundwerkstoffherstellung genutzt. Die CFK-Herstellung 
erfolgt ebenfalls unter eigener Kontrolle, so dass alle bisherigen Verfahrens-
schitte genau dokumentiert sind und den Zustand des Verbundes oder des 
bulkartigen Referenzmaterials bestmöglich charakterisieren. Diese Produkte 
wiederum sind mikroskopisch (LM, REM), mechanisch (3-PKT-Biegung, Härte 
nach Martens,D) und thermisch (TG-DSC) intensiv untersucht. Die Ergebnisse 
dieser systematischen Untersuchungen werden auf die Existenz von 
Korrelationen zwischen den erfassten Merkmalen geprüft.                
Die offene und geschlossene Porosität wie auch ihre räumliche Verteilung sind 
Folgen der Harzvorgeschichte, also des Rohharzzustandes und der 
Harzverarbeitungs- und Härtungsbedingungen. Die eigenen in-Haus Synthesen 
nehmen gerade z.B. durch Katalysator-, pH-, Zeit- und Synthesetemperatur-
vorgaben Einfluß auf den Rohharzzustand; die Abläufe der Phenol-
Formaldehyd-Additionsreaktion werden geändert. Die Reaktivität und die 
Molmasse lassen sich durch geeignete Katalysatoren während der 
Netzwerkaufbau durch Netzwerk-Katalysatoren gesteuert wird. Der Einfluss auf 
FMB und E-Modul wird in 3 PKT-Biegeversuchen genau untersucht. 
Die Porosität wird in allen Bulkmatrixproben und Verbunden erfasst und genau 
dokumentiert. Mittels konventioneller NMR, Festkörper-NMR sowie FT-IR 
wurden die Bindungszustände untersucht. TG-DSC Untersuchungen dienen der 
Identifizierung von thermisch induzierten Unwandlungen der Brückenbindungen. 
Ein Ziel ist es, Belege dafür zu finden, welche funktionelle Gruppen (Hydroxyl, 
Hydroxymethyl, Ether,D) für Porebildung, Härte und mechanischen Verhalten 
verantwortlich sind und welche Priorität ihnen dabei zukommt. 
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Die Porosität von Bulkproben unterscheidet sich wesentlich von der in 
Verbunden bei identscher Matrix und gleichem Prozessführung auftretenden. 
Bei letzteren kommen innere Spannungsfelder zur Wirkung, die die Porositäts-
vorteilung wesentlich  beeinflussen. Auf die Verteilung der inneren Spannungen 
im Verbund lässt sich auch über die Variation der Faser/Matrixbindungsstärke 
(FMB) bei identischer Matrix Einfluss nehmen. Das erfolgt in dieser Arbeit durch 
den Einsatz von Pech und PAN Faser. Es ist bekannt, dass Pechfasern in 
Phemolharz- und C/C-Matrix generell geringere FMBs aufbauen als PAN-
Fasern. Dieser, die Porenbildung und Segmentierung beeinflussende Effekt 
wird systematisch untersucht. Die veränderten FMBs können zusammen mit 
der Porosität das Verfbundwerkstoffvehalten (Bruch, Delamination, Stretching) 
wesentlich verändern. In 3-PKT-Biegeversuchen (E-Modul, Biegefestigkeit) 
lässt sich der FMB-Einfluß nachweisen; der Einfluss des C-Fasertyps und 
speziellen Gewebeigenschaften ist dabei sehr groß. Delaminations-
mechanismen erweisen sich als abhängig von C-Fasertyp und beeinflussen die 
Biegefestigkeit und den E-modul. PAN-typen führen tendenziell immer zu 
höheren Biegefestigkeiten (Bruch, Delamination) als Pech-Faser 
(pseudoplastisches Verhalten). 
Zusammenfassend lässt sich feststellen: 
1) Die Hydroxylgruppe führt bei Steigerung der Häufigkeit ihres Auftretens, 
dazu, dass die Matrix weicher wird und gleichzeitig eine verstärkte 
Porenbildung auftritt. 
2) Der Katalysator (EtO)4Ti erweist sich als vernetzungsfördernd, was sich 
in höherer Härte, höherem E-modul und höherer Biegefest zeigt. 
3) Im Vergleich der untersuchten Harze erweist sich der Einsatz regulärer 
Phenol-Formaldehyd-Addition Katalysatoren in Verbindung mit einem 
zusätzlichen Netwerkskatalysator (EtO)4Ti als am besten geeignet für die 
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 The need for new materials with specific properties has led to the 
development of better and more cost efficient materials, which are especially 
polymers or plastic composites. The development and the application of 
polymer composite materials have attracted scientific and industrial interests 
[Cha98, Gab06]. Many engineering materials and other composites were 
developed in a very general way and have been in use for a very long time. 
Moreover, polymer and plastic composites have been continuously investigated 
as an extensive range of materials with other reinforcements. 
 Polymers can be the base raw material for plastics, which are working 
materials. Around 40 of the constituent polymers are industrially important 
[Eli94], e.g. PE, PVB, PVC, Bakelite and so on. Plastics derived from these 
polymers are subdivided according to their performance into 4 or 5 groups 
which are not sharply distinguished, however. Another subdivision of polymers 
depends on their purpose [Eli94]. For their utilization, polymers need a special 
processing, like as the curing, dependent on the considered application and the 
specificity of the polymers. According to process and purpose, obtained plastics 
can classify as commodity plastics (bulk plastics or volume plastics), technical 
plastics, engineering plastics, high-performance plastics and thermosettings 
[Eli94]. Otherwise, they are subdivided the thermosetting or thermoplastic. The 
latter group contains linear or slightly branched polymers which soften at the 
glass temperature Tg (amorphous polymers) or melt at the melting temperature 
Tm (semi crystalline polymers). Also, the raw materials of the thermoplastic are 
usually polymer, rarely monomer. The former thermosetting group results from 
the chemical cross-linking of monomers or oligomers, low molecular weight 
telechelic oligomers with low to medium viscosity, to highly cross-linked 
polymers and if they are semi-solid state oligomer then they are often called 
prepolymers. After thermosetting operation, they can not be remelted and 
reshaped without chemical degradation. This processing is the curing and that 
requires a catalyst and/or hardening agent or elevated temperature conditions 
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for the solidification (> 100 °C) [Eli94, Pil94]. Furthermore, mixed prepolymers, 
from monomers to oligomers and all oligomeric as well as polymeric raw 
materials for plastics, are often called resins, because the first prepolymers for 
thermosets resembled natural resins. Besides, they are hardly to separate 
clearly liquid or solid states [Eli94]. Frequently, post-curing is the additional 
processing used to bring about a stable state of solidified polymers and then it 
is also necessary to attain the maximum mechanical properties. In certain resins, 
complete curing and ultimate mechanical properties are attained only by the 
exposure of the cured resin to additional elevated higher temperatures than 
their curing [Dic1]. Usually these processes don’t use the pressure. The 
resulting rigid polymer system is converted into a highly cross-linked, network 
macromolecule exhibiting excellent environmental and chemical solvent 
resistance as well as high mechanical strength/stiffness with minimal toughness 
[Pil94].  
 However, some thermosettings are often considered as commodity 
plastics and other engineering plastics. The commodity-type group comprises 
alkyd resins, phenol-formaldehyde resins (PF) (e.g. resole and novolac resin), 
amino resins (e.g. melamine-formaldehyde resin (MF) and urea-formaldehyde 
resin (UF)), and unsaturated polyester resins (UP). Besides, the engineering 
plastics group consists of epoxy resins (EP), polyurethanes (PUR), and various 
allyl polymers [Eli94].  
 One of the thermosetting polymers, the PF resin, is the first fully and 
commercially synthesized polymers. The PF resin is a class of high-
performance materials that have continued to expand in terms of applications, 
from commodity and construction materials, such as molding compounds, 
coatings and wood binders, to the needs of the high technology aerospace 
industry [Eli94, Kno85]. Being low molecular-weight and soluble resins, PF 
resins can be easily handled, such the polymerization, to become a strong high 
molecular-weight material, which in turn serves as the basis of the wide variety 
of the PF resins’ uses [Sha97]. Moreover, they are very flexible not only being 
products themselves but also being sub-materials for composites, one of which 
are fiber reinforced plastics (FRP) as the binders and the body bulk matrices. 
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Carbon fiber reinforced plastics (CFRP) are one sub-group of FRPs. CFRPs 
have developed and extended intermediates for ceramic composites, which are 
used in vehicles, as construction materials and so on. Because PF resins have 
special abilities as good mechanical strength, dimensional stability, resistance 
against various solvents and flame retardant even high carbon yield, PF resin is 
used for CFRPs, generally. Furthermore, PF products produce low smoke and 
less toxic by-products upon combustion in the environment. Therefore, PF 
resins are often used for applications in high fire risk areas such as aircraft 
interior panels where combustion requirements justify lower properties. Also, on 
the pyrolysis, PF resin becomes graphite to be the char that is high stability 
material in chemical molecular structure [Yoo06]. However, PF resins needs 
also investigations for further improvements in order to meet the ever-increasing 
performance requirements of modern materials. 
 Through the common commercial PF resins’ manufacturing process, bulk 
matrices or CFRPs and C/C composites can be obtained. They are light 
materials with retained/enfeebled mechanical properties. Additionally, the 
materials based on the PF resin can include voids, which have been generated 
during the processing [Lu06, Ko11]. Voids of various size and dispersions are 
generated by the evaporation of low molecular weight molecules, such as H2O, 
COx, CH4, and H2. Especially the water is the inevitable product of the 
condensation reaction taking place during the manufacturing process e.g. 
curing. That chemical reaction influences the generation of reaction products 
and their evaporation in different ways, depending on the resin type as well as 
the imposed reaction conditions such as temperature, catalysts and solvents 
[Kim05, Kri04, Lea68].  
 The void, generally called pore, is an important factor influencing the 
engineering properties of materials. That affects the material morphology via 
structural behaviors and the morphology is related to the mechanical properties 
of materials. Furthermore, pores have a great influence on the shrinkage, which 
takes place within the matrix during curing and subsequent heat-treatments (i.e. 
post curing). The latter process is important for the required special purpose 
completed and stable final materials and then the occurred shrinkage affects the 
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property and the form of the final materials.  
 Anyway, the generation of the voids is unavoidable and can be thought of 
as defects in the manufacturing of the polymer matrix composite. There is no 
exception on the void’s generation of the PF resin, because its curing is 
accompanied by a condensation reaction. Besides, various detrimental effects 
of the voids are well known in the laminate thermosetting composite materials. 
They are a great part of PF resins’ composite materials, which are based on the 
PF resin with fibers for special mechanical properties [Eli94, San02, Kan00, 
Bow92]. 
 There are several studies about the generation of pores in the 
engineering science. Hanidi et al. investigated the pore’s generation during the 
manufacturing process. They focused on the molding process depending on the 
resins’ injection rate into the mold with various viscous flow conditions, and then 
they recorded that bleeding might be useful for forming voids in most industrial 
molding applications [Han05, Let94]. Others report that pores’ behavior is highly 
affected by binding materials [Ara07, Mos02, Kan00]. The other investigation of 
the resin is proceeded in the chemistry. About the resin chemistry, they studied 
the resin’s raw material (i.e. mixed low-molecular compounds) and the cured 
resin to characterize and analyze depending on the synthesis conditions [Bre77, 
He04, Par00]. Although investigations were focused on the property of the resin 
via the material in engineering or the characterization of the resin in chemistry, 
those investigations were proceeded independently. There is little correlation. 
Thus, it is necessary to confirm the combination of them, how chemical causes 
correlate the engineering’s property of the resin. The combined research 
expects to make well modifying resin as well as easy understanding the cause 
and result of the resin’s various behaviors in the material.  
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2 Theoretical Overview 
 




 Phenol-formaldehyde compounds were synthesized first in 1872 and 
since that time they attached scientific interests. In 1907, Baekeland made the 
first fully synthetic thermosetting phenol-formaldehyde (PF) resin. Since their 
commercial introduction in 1910, the inexpensive and versatile class of phenolic 
resins played a role in engineering materials that are applied in a wide range of 
industries [Kno85, Pol05, Sha99].  
 PF resins are classified into two groups, the resole (or resol) type resin 
and the novolac (or novolak) type resin. They are discriminated by their 
synthesis conditions (Figure 2.1). The phenol-formaldehyde novolac (PFN) 
resins require a source of formaldehyde for transformation into a cross-linked 
resin in order to be curing instead of heating, and hexamethylenetetramine 
(HMTA) is predominately used as the source. Moreover, the acid (pH < 7) 
synthetic condition and molar formaldehyde (F) / phenol (P) ratio < 1 are also 
demanded generally. The PFN resin / HMTA combination is commonly referred 
to as a “two-step” reaction and that is the main synthesis process. For the most 
PFN resin, an additional synthesis step occurs with an annexation catalyst and 
occurs as the polymerization via a condensation reaction of pre-polymer state 
resin. It results in slower curing rates and lower cross-linking than phenol-
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formaldehyde resole (PFR) resins [Zhe02]. On the other hands, the phenol-
formaldehyde resole (PFR) resin is a soluble fluid and a low to medium viscous 
resin at ambient temperature. Furthermore, the solubility is applied generally in 
water or alcohol, and that provides the flexibility for the high degree of the 
formation. PFR resins can be cured by a thermal treatment, without cross-
linking agents at a step growth polymerization. That whole process is run faster 
than in case of PFN resin [Len02, Pil94]. PFR resins can also synthesize being 
catalyzed by either acid or base condition, nevertheless with alkaline reaction 
catalysts synthesized resin has called ordinary PFR resin. The newly developed 
PFR resin catalyzed by proprietary acid catalyst are available for use in Resin 
Transfer Molding (RTM) or pultrusion process for products, which need flame 
resistance, low smoke generation, and low toxicity emission on combustion 

















   
(a)  (b) 
 
Figure 2.1. Formation of the general PF resin: (a) PFN resin, and (b) 
 PFR resin.  
 
 During the manufacturing of the phenol-formaldehyde resin, from the 
reaction starting materials to solidified resin, the whole synthesis process can 
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be considered as three sequences: at the first formaldehyde addition to phenol, 
secondly chain growth reaction or prepolymer formation, and finally the cross-
linking as curing reaction [Piz94, Pol05]. The prepolymer of PF resins is 
generated from phenol, formaldehyde and a catalyst, which usually is not 
washed out of the final product. That is modified depending on the ratio of 
phenol to formaldehyde, the pH value, catalysts and the reaction temperature, 
and then the step growth polymerization is performed following this addition 
reaction. Firstly, the ether bridge is produced between the phenol-free position 
and the various methylolphenols themselves. Secondly, the methylene bridge is 
produced between the methylolphenols themselves (Figure 2.2) (Friedel-Craft 
reaction and Aldol condensation reaction together referred commonly to the 
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Figure 2.2. Methylene bridge (a) and dimethylene-ether bridge (b) within the 
PFR resin. 
 
2.1.2 Reactions of phenol-formaldehyde resin  
 







 Formaldehyde reacts with phenol at the para position to the hydroxyl 
and at the two ortho positions to the hydroxyl in Figure 2.3. The electron rich 
ortho, and para positions in phenoxide ions (Figure 2.3c) are susceptible to 
electrophilic aromatic substitution as referred the addition reaction often. The 
para position is more reactive toward electrophilic aromatic substitution than the 
ortho position. Also the hydroxymethylation (Figure 2.3d) at the ortho positions 
is found to increase the reactivity of the para positions. This is explained by the 
formation of intra-molecular hydrogen bonds that lead to a higher negative 
charge on the para position. The mono-substituted hydroxymethylated phenols 
(HMPs) react with methylene glycol CH2(OH)2 (Figure 2.3d) to form di- and tri-
substituted HMPs before the slower condensation reaction can occur (Figure 
2.4). The two meta positions of hydroxyl functional group in phenol react only 
under severe conditions not generally found in resin reactions, therefore it can 
be considered inactive. Thus, it is possible for the reaction of phenol and 
formaldehyde to result in a three-dimensional cross-linked structure. Their 
polymerization results in a rather tightly-knit structure and cross-linked resins 


























 M = Li, Na or K 
 
























Figure 2.3. General reaction mechanism between phenol and formaldehy-
 de, two ortho- and one para- positions by electrophilc aromatic 
 substitution reaction (a), and steps of reaction mechanism; 
 addition of the metal hydroxide (b), resonance of phenoxide 
 anion by alkaline medium (c), and reaction of  formaldehyde 






































Figure 2.4. The addition reaction mechanism of the PFR resins to form the 
mono-, di-, tri-substituted HMPs. 
 
2.1.2.2 Condensation reaction  
 
 PF resins are the practical use of the primarily network polymers. The 
preparation of the network polymer is performed in a step polymerization 
reaction by low molecular weight molecules, and the PF resins are also carried 
out in separated steps of polymerization. Overall the case of PF resins, the step 
growth polymerization of raw materials, such as HMPs, is a water-producing 
condensation reaction. That reaction occurs through electrophilic aromatic 
substitution. HMPs can be condensed to three stages, which are initial resoles 
 30
(A-stage), resitols (B-stage) and resite (C-stage). Generally, the commercial PF 
resoles are used the B-stage condensation reaction process, and that carries 
out under resole blends, as mixed different molecular weight molecules.  
 The first step of polymerization is the preparation of the low molecular 
weight polymers, which are soluble and fusible. The terminology is originated 
from Baekeland, and that company investigated and developed the PF pre-
polymer from laboratorial synthetic basis to practical commercial-PF resin. Then 
this first step is termed in technological denomination an A-stage polymerization 
reaction and the low viscous product is called an A-stage polymer, resole. The 
second step is the conversion of A-stage polymer to slightly cross-linked 
products, and this step is followed B-stage polymerization reaction. The still low 
viscosity product is called B-stage polymer, resitol. They are insoluble and it can 
be still fusible. In some cases, depending on the desire of product, the B-stage 
polymer is further reacted gelation to form a highly cross-linked C-stage polymer, 
resite (technological classification). That final product is not softening when 
heating it. The relatively low molecular weight A-stage polymers are also termed 
prepolymers, or first stage polymers. Moreover, the B-stage and C-stage 
reactions are also referred to either as the second-stage polymerization 
reactions or as hardening (curing) reactions [Len67, Zhe02]. The 
characterization of PF resins by notation A, B, C stage (resole, resitol, resite) is 
based on application and macroscopical criteria. It is needed to have an 
extended constituency. This extended classification is done with in a model of 
PF resins which is able to understand the reason of the curability of resins and 
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Figure 2.5. Formation of quinone methide (QM) intermediate under alkaline 
condition. 
  
 It is generally accepted that HMPs are condensed through the 
intermediate material, quinone methide (QM). The formation of a QM from HMP 
is shown in Figure 2.5. The QMs are strong electrophiles and they will readily 
substitute onto other electron rich phenoxides to form methylene bridges 
(Figure.2.6). Due to the high reactivity of para-hydroxymethyle groups in the 
condensation reaction, methylene bridges form ortho-para (o-p’) and para-para 
(p-p’) bridges as well as rare ortho-ortho (o-o’) bridges. The remaining 
hydroxymethyle groups are present predominantly on ortho positions in uncured 
resoles [Zhe02]. As the intermediates to convert stable methylene bridge, the 
















Figure 2.7. Formation of dimethylenether bridge and methlyene bridge. 
 
 The polymerization reaction is accompanied with the condensation 
reaction. That causes the generation of by-products, such as water and low 
molecular weight molecules (e.g. species of alcohol and aldehyde), and they 


































2.1.2.2 Curing  
 
 PFR resins are usually cured to the insoluble and infusible resitol stage 
by applying heat (> 120 °C) and pressure. The curing process of PFR resins is 
essentially a continuation of the electrophilic aromatic substitution through QM 
intermediates, which are transformed during the condensation reaction. 
Dimethylene-ether bridges are found to be negligible in the cured PFR resins. 
Nevertheless, methylene bridges have been proposed additional cross-linking 
mechanisms for the cured PFR resins. Hypothetically, these additional cross-
linking reactions were directly involved in phenolic hydroxyls (phenoxides) and 
methylene bridges. Aftermath, it can suggest that ether structures form between 
phenolic hydroxyls (phenoxides) and hydroxylmethyle groups (Figure 2.8a), 
firstly. Secondly, the cross-linkings generate between methylene bridges of 
phenol by free formaldehyde (Figure 2.8b). Then finally, the cross-linkings form 
by the condensation between methylene carbons of methylene bridges and 


















 (a)    (b)    (c) 
 
Figure 2.8. Several types of cross-linking structure within the PFR resins. 
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 Curing of the thermosetting resin result is the transformation of low 
molecular weight liquid molecules to a high molecular weight amorphous solid 
by means of chemical reactions. The curing process is an important procedure 
for the character of thermosetting, such as PFR resin. The thermosetting’s 
curing process usually contains the polymerization and the cross-linking. These 
formations come out through the gelation and the virtification. Gillham and et al. 
had defined the term of the molecular gelation that occurs at a calculable 
conversion according to Flory’s theory of the gelation. The gelation proceeds 
when a three dimensional network structure with the infinite viscosity is formed. 
It marks the transition between the liquid and gel state. The vitrification 
progresses when the glass transition temperature (Tg) of the thermosetting 
material equals the curing temperature (T) [Gil97] The vitrification marks the 
transition from a liquid or a rubber to a glass, and that the vitrification 
corresponds to the solidification on isothermal curing. Before the gelation, the 
curing of thermosettings is a kinetically controlled process. After vitrification, 
however, the glass transition temperature does not raise much above the rising 
temperature, where the reaction rate decreases [Gil97, Wis90, Zhe02]. 
 
 35
   
 
Figure 2.9. Schematic isothermal time-temperature-transformation (TTT) 
curing diagram of thermosetting materials; temperature of curing 
Tcure, times of gelation, vitrification, full curing, and char-
formation [Gil97, Pen85, Wis90, Wis91]. 
 
 Gillham and coworkers developed the isothermal Time-Temperature-
Transformation (TTT) and the Continuous-Heating-Transformation (CHT) curing 
diagrams describing detail in the curing process of thermosetting system [Gil97, 
Pen85, Wis90, Wis91]. The TTT curing diagram displays schematically in Figure 
2.9, the times and the temperatures to reach certain events during isothermal 
curing process. The CHT curing diagram (Figure 2.10) shows the time and 
temperature to reach similar events during the course of continuous heating at 
different heating rates. Moreover, there are described the three critical 
temperatures (e.g. Tg0, Tg ͚, and gelTg), states of the material, and contours 
characterizing the setting and degradation processes. There are the glass 
transition temperature of the uncured reactants Tg0, the glass transition 
temperature of the fully cured network Tg ͚, and gelTg the temperature coinciding 
at the molecular gelation and the vitrification (Figure 2.9). When a reactive 
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material is heated from below the glass transition temperature (Tg), it typically 
goes through initial devitrification, which marks the transition between the 
glassy and liquid state. The molecular gelation and the vitrification, which are 
corresponding to Tg increasing to Tcure due to chemical reaction, can be 
encountered upon further heating. However, if the heating rate is so far that the 
glass transition temperature of the polymer never reaches the curing 




Figure 2.10. Generalized CHT curing diagram; initial devitrification (□), 
gelation (▲), virtrificaiton (●), and devitrification ( ) [Wis91, 
Zeh02].  
 
2.1.3 Applications of PF resin 
 
 Since synthesized in 1872, continuously investigated the first fully 
synthetic polymer, PF resin has been applied extensively engineering’s and 
industrial area. They were employed as the adhesive materials such as 
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producing molded plastics, wood products, automobile and aerospace 
components. Because, PF resin has special characters such as higher strength 
retention at elevated temperatures as well as low fire, low smoke, and low 
toxicity products on combustion. Not only these good fire resistance properties 
but also the low cost are attracted considerable attention [Enc70, Lou96a, 
Lou96b, Nis08, Pil94, Sha99]. Due to their specific thermal and mechanical 
characteristics, they are used special area e.g. brake friction materials and jet 
engine component materials. Nevertheless, for the retention of their properties, 
PF resins are sometimes required special processes, which are even long 
fabrication time and a high price of the reinforcements (e.g. carbon-fiber) 
[Bre77].  
 
2. 2 Carbon-fiber  
 
 The carbon is a prime element in the material and it can exist in a 
variety of crystalline forms. Well-known forms of carbon are graphic structure 
and covalent diamond structure, wherein the carbon atoms are arranged as 
hexagonal layers or the three-dimensional configuration with little structural 
flexibility. Another form of carbon is Bucky ball, with a molecular composition of 
C60 or C70. Carbon in the graphic form is highly anisotropic, with a theoretical 
high Young’s modulus in the layer planes being equal to about 1000 GPa, while 
that along the c-axis is equal to about 35 GPa. The graphite-structure has a 
very dense packing in the layer planes. Additionally, the bond strength of carbon 
forms determines the modulus of a material. Thus, the high-strength bond 
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between carbon atoms in the layer plane results in an extremely high modulus, 
while the weak van der Waals-type bond between the adjacent layers results in 
a low modulus in that direction. Consequently, in a carbon fiber one would like 
to have a very high degree of preferred orientation of hexagonal planes along 
the fiber axis [Cha98]. 
 High modulus carbon fiber can be made by the carbonization of the 
organic precursor fiber, which was followed by the graphitization at high 
temperatures. The organic precursor fiber (the raw material for carbon fiber) is 
generally a special textile polymeric fiber that can become a carbon fiber by the 
carbonization. The precursor fiber, like as polymeric fiber, consists of long-chain 
molecules arranged in a random manner. Such polymeric fibers generally have 
poor mechanical properties and typically show rather large deformations at low 
stresses mainly. That is the reason the polymeric chains are not ordered 
frequently. In a common used precursor fiber, the general composition contains 
mainly acrylonitrile, and it becomes polyacrylonitrile (PAN). Other popular 
compositions of a precursor fiber (e.g. as rayon) are methyl acrylate, vinyl 
acetate and vinyl chloride. Also, more components are there such as pitches, 
polyvinyl alcohols, polyamides and phenolics [Cha98, Don84]. 
 Carbon fiber is a generic term representing a family of fibers. As pointed 
out earlier, unlike the rigid diamond structure, graphitic carbon has a lamella 
structure. Thus, depending on the size of the lamellar packets, their stacking 
height, and the resulting crystalline orientations, one can obtain a range of 




1. A fiberization procedure to make a precursor fiber by drawing or 
stretching involved wet-, dry-, or melting-spinnig. 
2. A stabilization treatment that prevents the fiber from melting in the 
subsequent high-temperature treatments. 
3. A thermal treatment called carbonization that removed most non-carbon 
elements and created high carbon yield. 
4. An optional thermal treatment called graphitization that improves and 
completes the properties of final state carbon fiber. 
 
2.2.1 PAN type carbon fiber  
 
 It is made from the polyacrylonitrile and then it is called PAN carbon fiber. 
The PAN fibers are stabilized in air to prevent melting during the subsequent 
higher-temperature treatment. Through that entire process, obtained PAN-
based carbon fiber has about 50% carbon yield. In Figure 2.11, it shows the 
PAN molecular structure (Figure 2.11a), and these are polyethylene with a nitrile 
(CN) group on every alternate carbon atom. Through the treatment by the 
oxidation, PAN structure transforms into rigid ladder polymer (Figure 2.11b). 
Followed heat treatment, the mechanical properties of the resultant carbon fiber 



















































  (a)        (b) 
 
Figure 2.11. Polyacrylonitrile molecule (a), Rigid Ladder molecule (b) [Cha98]. 
   
 
2.2.2 Pitch type carbon fiber 
 
  There are various sources of pitch and three common sources (e.g. 
polyvinyl chloride (PVC), petroleum asphalt, and coal tar) are used. The high 
modulus Pitch-based carbon fibers are worthy, because of a low cost raw 
material and high carbon yield for carbon fiber. By a similar fabrication process 
(i.e. the oxidation, carbonization and graphitization), they can also fabricate. 
Some cases, pitch type carbon fiber needs pretreatments and cares of thermal 
degradation, depending on the source [Cha98, Don84, Pil94].  
 
2.2.3 Application of carbon fiber 
 
 Carbon fibers are used in a variety of application in the aerospace 
industry and sporting goods industry. Because, they have the wide range tensile 
strength and the Young’s modulus as well as the high tensile strength and the 
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high Young’s modulus generally while low density. Modern commercial aircraft 
also use carbon fiber-reinforced composites. Applications of carbon fibers in 
other areas have also increased indifferent to the price of carbon fibers. For 
example, various machinery items such as turbine, compressor, windmill blades 
and flywheels, in the field of medicine the applications include both equipment 





 Composite materials are based on the controlled distribution of one or 
more raw materials. However, the reinforcement, the matrix and these materials 
need not to be generally different. The interface, which is the boundary zone 
between the matrix and the reinforcement, is controlled to obtain the desired 
properties from a given pair of materials. The methods, such as deformations 
and fractures of the material, are depending on both the chemical and 
mechanical properties of materials as well as their constituents [Sha97].  
 The choice of the high performance matrices and reinforcement 
materials is the important for the properties of the composite. Moreover, 
arrangement of component in the composite is also important. Depending on 
the specific properties of reinforcements for the primary load-bearing as well as 
on the interface and matrix for loading-distribution, composites are used their 
multi-component flexibility to provide, where they are needed with their minimal 
weight and volume [Pil94, Sha97].  
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 The properties of a composite are influenced by many factors such as 
the different characters of the individual components, their size, state of 
aggregation/agglomeration, relative dispersion, and level of interfacial adhesion. 
They are also subject to change due to environmental effects like as aging, 
thermal conditions and other factors. Fabrication for preliminary designs is not 
difficult, however it is a pretty complex task to estimate composite properties 
analytically [Sha97].  
 
2.3.1 Carbon fiber Composites 
 
 Carbon fiber composite has manufactured by carbon fibers with other 
material e.g. polymer. It was the beginning of CFRPs in the 1950s and it has 
been attained the status of a structural material in the 1980s. The availability of 
a large variety of carbon fibers was coupled with a steady decline in their 
manufacturing process over the years. Furthermore, an equally fiber reinforced 
polymer material made it easier for carbon fiber polymer composites to take 
over the important position that they have. The advantages of carbon fiber 
composite in structural design are flexibility, simplicity, efficiency, and longevity. 
Excellent thermal to some extent and electrical conductivity are included in a 
class of carbon fiber composites. Also, fundamental character of composite 
materials especially in fiber reinforced composites is there heterogeneity, 
anisotropy, coupling phenomena, and fracture behavior [Cha98].  
 An optimized composite can be made using the following methods. At 
the first, a woven carbon fiber perform is impregnated under heat and pressure 
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with resin sources. Generally this matrix, after such processing cycle, is highly 
porous material. At the second, a carbon fiber reinforced polymeric matrix 
composite is made by one of the Polymer Matrix Composite (PMC) fabrication 
techniques, starting with a thermal treatment of resin then getting the 
carbonized matrix. Commonly, PF resin is used as polymeric matrix because of 
high carbon yield, which is good sufficiency for ceramics. At the third, carbon 
matrix can be produced by Chemical Vapor Deposition (CVP) form a gaseous 
phase onto the interval carbon fibers.  
    
 
 
Figure 2.12. Schema of carbon/carbon composite manufacturing steps from 
starting to final product composites [Cha98]; the extra multiple 
cycle, which is one part of manufacture to progress form 














 Figure 2.12 shows a generalized route to obtain carbon-carbon (C-C) 
composites. From the starting material the carbon fiber to final C-C composite 
with whole processing are following: Pre-preg cut and laying-up in a form for the 
final desired shape. After that, the curing by heat and pressure brought out the 





 In a composite, the reinforcement provides much of the tensile, the 
flexural strength and the stiffness. It is still matrix-dominated generally that is 
the property such as shear, compression and transverse tensile. The matrix 
serves several critical functions in overall the composite performance. It binds 
the reinforcements together to allow the distribution of loads, protect the notch-
sensitive fibers from self-abrasion or externally-induced scratches as well as 
protect them from environmental effects [Sha97]. They can initiate the fracture 
of the composite.  
 It is more important that the matrix distributes the load borne 
longitudinally by the reinforcements. In order to accomplish this transfer of loads 
and also reduce the chance of the failure in the matrix, the adhesion to fibers or 
other reinforcements must be coupled with a matrix exhibiting sufficient shear 
strength. In a case of the fiber breakage, the matrix redistributes the load 
among adjacent reinforcements as well as the both halves of broken 
reinforcement. While strong and stiff reinforcements provide high tensile and 
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flexural strength, the plastic deformation flow at crack tips in the matrix absorbs 
energy and reduces the local stress concentration. Matrices, which deform 
plastically, also allow deflecting cracks parallel to fibers, thus defending against 
the failure of the fibers taking place in just one plane. Therefore, for a crack to 
extend through ductile-matrix materials, it is necessary to pull out the fibers of 
the matrix as they fail [Coo67, McG74]. 
 Matrix fixes the composite components together, and the thermo-
mechanical behavior of the composite is influenced by the thermal stability of a 
resin. The development of high strength and high thermal resistance is 
frequently accompanied by inflexibility of the thermoplastics, or complex curing 
procedures and brittleness of thermosetting materials. Thermosetting matrix 
systems dominate the composite industry because of their reactive nature. 
Their initial low molecular weight and low viscosity allow high contents of the 
reinforcement with good fiber wetting during manufacturing [Sha97].  
 
2.3.3  Interface 
 
 The terminology of the interface is between the reinforcement and the 
matrix or the boundary material of the interlayer. The discontinuity across the 
interface, between dissimilar components, can be sharp or gradual. 
Mathematically, an interface is a bi-dimensional region, and that is an interfacial 
region with a finite thickness, practically. In general, an interface is an area in 
the material parameters, which can be the concentration or the arrangement of 
elements, crystal structure, atomic registry, elastic modulus, density, and 
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coefficient of thermal expansion, to change from one side to another. Certainly, 
a given interface may involve one or more of these properties [Cha98, Pil94].  
 The mechanical properties of a composite material are results of the 
combined materials’ behavior of three entities, which are fiber, matrix and 
fiber/matrix interface. 
 An importance of the interface in a composite is that the internal surface 
area occupies a quite large volume contact. It is also important to know the 
adhesive mechanism at the interface for understanding its properties and its 
role in controlling fractures. In the case of the fiber reinforced composite 
material, the fiber surface area is included in the range of the materials’ 
interface. Specifically, the interface of the FRP material, precisely the interfacial 
zone, consists of near-surface layers of fiber as well as matrix and of any layers 
of material existing between these surfaces. A correlation between the wetability 
of the fiber by the resin and the bonding type between two components’ 
constitution are existing. Thus that assumes the rather rough instead of the 
ideal planar interface. Additionally, one should determine the characteristics of 
the interface and how they are affected by mediate factors such as temperature, 
diffusion, and residual stresses. The interfacial characteristics and the 
implication to the composites’ properties are to be investigated. The properties 
of interfaces in polymer matrix affect the composite types, which are included 
polymers as a component during manufacturing with polymer as contents like 
as polymer matrix composite (PMC), metal matrix composite (MMC) and 
ceramic matrix composite (CMC) [Cha98]. 
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2.3.3.1 Carbon fiber side interface between carbon fiber and matrix 
 
 The carbon fiber structure, at sub-micrometer level, is not equal over its 
cross section. The orientation of the basal planes depends on the precursor and 
processing conditions of the fiber and on the position inside the fiber. In 
particular, the so-called onion-skin (C zone in Figure 2.13) structure is observed 
in some PAN-based fibers. Basal planes of PAN fibers at thin surface layer are 
aligned parallel to the surface while the basal planes in the core are less well-
aligned. That onion-skin zone is quite weak in shear because of graphitic 
structure and then the deformation failure is likely to occur in this zone [Cha98]. 
 
 
A)  Bulk fiber 
B)  Bulk epoxy resin 
C)  Fiber surface 
D)  Interface 
E)  Epoxy surface 
 
Figure 2.13. Partial structure of carbon fiber, interface and matrix within a 
 CFRP composite[Cha98].  
 
 There are two principal ways of improving interfacial bonding in carbon 
fiber composites. One is to increase the surface fiber roughness, thus 
expanding of the interfacial area. Another is to increase the surface reactivity. 
Many surface treatments have been developed to obtain improved interfacial 
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bonding between the carbon fiber and the polymer matrix. There are different 
types of fiber surface treatments as e.g. Chemical Vapor Deposition (CVD), 
Oxidative Etching, and Liquid Phase Oxidation to influence the interface 
structure of composites, between the carbon fiber and the polymer matrix. By 
increasing the surface area of carbon fiber and to promote the reactivity 
between fiber and polymer matrix the FMB is modified [But99, Don84].  
 
2.3.3.2 Matrix side interface between carbon fiber and matrix  
 
 The interface of the carbon fiber reinforced polymer material is very 
important in determining the final properties of the composite. The carbon fiber 
is a highly inert material thus it can be difficult to have a consecutive adhesion 
between carbon fiber and resin. One solution of increasing effective surface 
area is to make the fiber surface rough by oxidation or etching in an acid as the 
mentioned methods before [Cha98, Don84]. That result causes an increased 
specific surface area and improved wetting-rate property of the fiber in the 
composite. In turn, the result leads to an improved inter laminar shear strength 
because of the mechanical key effect at the fiber/matrix interface. The carbon 
fiber microstructure is inhomogeneous over its cross section, and the surface 
layer. Also, the basal planes are generally aligned parallel to the surface. So, 
this graphitic layer is hardly to bind with a matrix that is the reason of the giving 
surface treatment sometimes. Surface treatments are used methods, which are 
increasing the surface roughness and/or increasing the surface reactivity. 
 The interface region between a carbon fiber and the polymer matrix is 
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quite complicate. Therefore, it is a matter of fact that a unified view of the 
interface is hard to define. The overall performance of a composite depends to 
a large extent on the existence of an interfacial bond between the constituents. 
The strength and the stiffness of reinforcements are also important factors in the 
structural properties of the composite. Also, the resin influences the shear, 
compressive, creep and thermo-chemical properties of composite significantly. 
They can be explained how impact energies or stresses and strains are 
transferred from matrix to fiber without causing failure of the interface. Moreover, 
the interfacial bond can influence various aspects of composites, such as 
strength, failure modes, Young’s modulus, inter-laminar shear strength, bending 
stiffness, and compressive strength. It can be permeated by environmental 
moisture, gases, or chemicals to the pore and smaller gaps, which are within 
the composite as well as between two phases of composite’s constituents 
[Hug80, Sha97]. 
 The nature of bonding depends on the atomic arrangement, which 
decides about the fiber characters (e.g. strength, flexibility and so on), and the 
chemical properties of the fiber as well as on the molecular compatibility of the 
matrix. Thus, the interface has become specific to each fiber-matrix system. The 
interfacial adhesion between fiber and matrix is typically produced by wetting of 
the reinforcement in the composite, when it is in a molten or low-viscosity state. 
One of the main aims in the composite design is to establish and maintain 
conditions of optimal wetting and adherence between the components. That 
enhancement is possible by priming or pre-coating of the fibers or by additives 
to the matrix material [Drh83, Pil94]. 
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 The reinforcement of polymer-matrix composites are often treated with 
coupling agents to advance the compatibility with specific resins. Coupling 
agents usually consist of a short organic chain which has at one end an 
organic-functional group that is particularly compatible with a given matrix resin. 
At the other end of the chain is an inorganic functionality which is especially 
compatible with a given reinforcement surface. The coupling agent, when 
applied to the reinforcement and mixed with the resin, acts as a chemical bridge 
between them. For example, silanes (silanes hydrolyze) are the most common 
commercial coupling agents. The thickness and rigidity of the silane interface 
has important effects on the final mechanical performances of composites via its 
adhesive [Cho04, Sha97, Sod84].  
 
2.3.3.3 Toughening of fiber-reinforced polymer  
 
 The advantages of utilizing fiber reinforced polymer in structural 
engineering materials are well known, i.e. higher strength/stiffness to weight 
ratio, good corrosion resistance and fatigue performance. As that kind of 
composite material, its strength and toughness are topics of particular concern 
for design the structures, is made of such a material. Being stressed to failure in 
FRP, various energy dissipation mechanisms have been investigated and 
confirmed currently. For fracture mechanics’ point of view, a sample for the 
toughness test is performed to be stressed by an increasing load. Afterward, the 
presence of alternative energy dissipation mechanisms will effect in an increase 
of the toughness, e.g. de-bonding, pull-out, fibre bridging and friction. Different 
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energy dissipation mechanisms occur at loads corresponding to defined stress 
levels. In these mechanisms, fibre bridging behind a crack tip is one of the most 
important factor resulting in an increase of toughness during the crack growth. 
The bridge-toughening of various composites is considered as a relationship 
between the fracture surface traction and the crack opening displacement as 




Figure 2.14 Phenomena of crack propagation in polymer reinforced unidi-
  rectional fibre matrix composites (a) fiber-bridged cracking,  and 
  (b) successive fibre breakage by de-bonding and matrix shear
  yielding [Gam01].  
 
 The thermosetting resins (e.g., polyesters, epoxies, and resol) used for 
FRPs are highly cross-linking and providing adequate modulus, strength, and 
creep resistance than thermoplastic resins (e.g. Novolac). Thus, the low fracture 
toughness, which is mechanical common property of un-reinforced state 
polymeric raw material, and this shortcoming have been used to improve by 
some techniques. They are raising the strength of the fiber-matrix interfacial 
bond by utilizing specific coupling agents and binding on the fiber surface. They 
are also incorporating an elastomeric phase within the resin matrix in order to 
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enhancing plastic deformation of the matrix. Particularly, the low toughness of 
the PFR resin results to be more brittleness than other resin. That can be 
caused by their porous nature and high crosslink density [Ybe00]. By the 
fracture toughness, it can retain the resistance to crack propagation. 
Characteristics of the matrix fracture are the strain to failure and work of fracture 
or fracture toughness, besides, they are as important as lightness, stiffness, and 
strength properties of the composite [Cha98, Sha97].  
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3 Goal and Works 
 
 
3.1 Problem and Motivation 
 
 The phenol-formaldehyde (PF) resins retain their modulus and strength 
at high temperatures. These properties have made them the material of choice 
for applications where the end-use conditions include simultaneous mechanical 
and thermal stress. PF resins have many advantages (e.g. the resistance of 
solvents and the high carbon yield), whereas their matrix is still brittle and 
porous. These phenomena of the resin matrix influence the mechanical 
properties of the material to weaken. Therefore, these nature need to 
investigate the cause/effect and improve them to meet recent demands for 
better properties of modern/further materials. However, there is little research 
on the correlation between chemical reaction’s behaviors of the resin and 
mechanical behaviors of the material (i.e. included the bulk matrix and the 
composite). The generation of pores is one of the inherent phenomena during 
the manufacturing process of PF resins. That process is occurred with the 
curing, which is concurrent with the condensation reaction of PF resins. Several 
studies about voids have been concentrated in the manufacturing methods and 
conditions [Han05, Kan00, Let94, San02]. Some researchers have focused on 
the resin viscosity and the flow rate depending on the resins for the infiltration of 
resins [Han05, Kan00, Let94]. Other researchers have focused on the raw resin 
material by the synthesis condition in the chemistry. They would confirm the 
reaction mechanism, molecular phase and the oligomeric degree of the 
synthesized blends [Piz93, Lou96a, Lou96b].  
 To better understand and develop of PF resins, there is a need to 
connect these separated research strands. Simultaneously, such 
interdisciplinary studies can expect to build up more knowledge of the 
fundamental cause and effect of each phenomena of the PF resins and to 
account the complementary cooperation of them.   
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3.2 Objective and working plan 
 
 Building on these insights, it is necessary to investigate the correlation 
between the resin’s reaction process of the curing as well as the resin’s 
chemistry of the synthesis and the generation of the voids to effect mechanical 
properties.  
  Hence, in this study, it has been planned mainly. At the first, the 
investigation would proceed to confirm the reaction, which is related to the 
synthesis and the curing, of the resin (e.g. the addition reaction, the 
condensation reaction and the polymerization). Also, the transformation of resin 
components would study the molecular state of products before and after curing 
as well as byproducts during the curing. At the Second, it has planned to 
investigate the possible factors of the pores’ generations to control, in the 
chemistry. The degradation of chemical molecules and molecular bonds, which 
are instable at a high temperature, begins at a low temperature (≥ 100 °C). This 
degradation affects the generation of pores, which occur by the gaseous 
byproducts (i.e. produced low molecular weight molecules) and their 
evaporation via the condensation reaction during the curing [Fit71]. The main 
focus of this research is on the low temperature range (≤ 200 °C) that has a 
great influence on the matrix macro and micro structure, caused by generations 
of voids. Then the experiment proceeds to govern the production of the low 
molecular weight molecules and retain the resin’s reactivity between binding 
materials. To do that, the work plan of this investigation is explained as 
following:  
 
• To find the suitable resins on the established succeeding curing 
system depending on various reaction conditions of the synthesis, 
especially catalysts.  
• To identify the transformation behavior of the resin before and 
after curing by the chemical characterization depending on 
catalysts.  
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• To observe the morphology and test the mechanical properties of 
the cured resin via the bulk matrix and the CFRP composite to 
verify the practical utility. 
• To evaluate the correlation between the catalyst effect of resins 
and their mechanical property.  
• To define the chemical cause and the mechanical effect of resin 
for controlling the generation of pores. 
 
According to those works, this thesis would organize to know each the resin 




4 Experiments and Methods 
 
4.1 Materials  
 
4.1.1 Chemical reagents 
 
 All raw chemical materials of the experiments are used depending on 
needs. The chemical reagents for the synthesis in this study are purchased 
from Merck Company and they are used without further purification. The main 
basis materials of the synthesis for the pre-polymers are phenol (> 99 %) and 
formaldehyde (37 % aqueous solution). The catalysts, which adjust to the base 
reaction condition for the synthesis of the resole type resin, are applied alkaline 
hydroxides. They are lithium hydroxide (LiOH), sodium hydroxide (NaOH) and 
potassium hydroxide (KOH), and served as an aqueous solution. The network 
catalysts, tetraethylorthorthotitanate Ti(EtO)4 and tetraethylorthosilicate Si(EtO)4, 
are used that expects the network of the synthesized prepolymer during the 
curing process [Muc07]. 
 The commercial phenolic resin, which code name E 97783 from Dynea 
Erkner GmbH, is applied as the reference to compare with the synthesized 
resins in this investigation. 
 
4.1.2 Carbon fiber weave 
 
 The carbon fiber weaves of the CFRP composite are used untreated 
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two-dimensional plain weaves, PAN-based carbon fiber weave T300 
(manufactured by Toray Industries) and Pitch-based carbon fiber weave YSH 
50A (manufactured by Nippon Graphite Fiber Corporation). The specificities of 
C-fibers are compiled in Table 4.1. They are used as received condition for the 
experiments.  
 
Table 4.1. Properties of carbon fiber weaves PAN type T300 and Pitch type 
YSH 50A. [Tor04, Nip03] 
 
Tensile Modulus Tensile Strength Elongation Density 
Grad 
GPa MSI MPa KSI % g cm-3 
T300 230 23.5 3530 360 1.5 80 
YSH50A 520 76 3900 570 0.7 73.6 
 
4.2 Synthesis of Resin  
 
 The pre-polymers are synthesized according to the conventional method. 
  The synthesis of the PFR resins is carried out depending on reaction 
conditions such as the ratio of formaldehyde/phenol > 1 and pH catalysts (e.g. 
LiOH, NaOH and KOH (pH > 7)). The reaction temperature ranges between 60 





Figure 4.1. Addition reaction to form the monomers through formaldehyde into 






















Figure 4.2. Condensation reaction mechanism between monomers with 
methylene- and dimethylether-bridges. 
  
 Particularly, the in-house synthesized resins, Resin A, B, C and D, are 
achieved by reacting formaldehyde (1 mol) and phenol (0.5 mol) at pH 9 − 10 
for 4 hours and at about 75 °C. The reaction pH is adjusted by catalysts, 






















NaOH (3 mol, 10 ml) and KOH (3 mol, 10 ml). Resin B contains network 
catalyst Si(EtO)4 and Resin C contains network catalyst Ti(EtO)4. Resin D is 
synthesized by the catalyst, LiOH (3 mol, 10 ml). The commercial Resin E is 




 Table 4.2. Name of in house made resin and commercial resin depending on catalysts. 
 






Resin A NaOH (3mol, 10ml), KOH (3mol, 10ml)  
Resin B NaOH (3mol, 10ml), KOH (3mol, 10ml) (EtO)4Si 
Resin C NaOH (3mol, 10ml), KOH (3mol, 10ml) (EtO)4Ti 
Resin D LiOH (3mol, 20ml)  
≈ 75 °C 4 h 
Resin E[*] · · · · 
Resin E[*]: Commercial resin E 97783 is used as the reference material for the synthesis.
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4.3 Fabrication of Matrix 
 
 The bulk matrix of the resin and CFRP composites are fabricated by a 
very much simply way the resin transfer molding (RTM) process to infiltrate the 
resin into the mould by gravity. The mould is a in-house manufactured frame, 
approximately size of 23 mm × 100 mm × 3 mm. Tailed carbon fiber weaves are 
piled in the mould before the infiltration of the resin. The entire processing and 
fabrication steps are described in the Figure 4.3 and 4.4. The laying-up the 
carbon weave and the infiltrating resin in the mould are shown (Figure 4.3). A 
scheme of the procedure from the synthesis of resin to the final composite 
material follows (Figure 4.4). The curing process proceeds according to the 
time-temperature profile (Figure 4.5) under argon atmosphere and 70 × 105 Pa 




Figure 4.3. Diagrams of the fabrication methods: 1.Laying up the carbon fiber 






Figure 4.4. Scheme of the fabrication procedure from the synthesis of 
phenolic materials to the formation of matrices (e.g. unreinforced 
























4.4 Measurement methods and experimental approach 
  
 The characterization of raw materials of the PF resin and the cured resin 
matrices is investigated following as the chemical characterization and the 
mechanical properties. The chemical characterization of the raw resin material 
is expected the base of the understanding for the molecules’ structural behavior 
of matrices. That is performed and confirmed through the correlation between 
the raw resin material and the cured resin matrix depending on the synthesis. 
The chemical analysis leads to define how the molecules of the resin are 
transformed, e.g. from the liquid phase resol mixture to the solid phase cured 
resin. Moreover, how the transformation of the resin molecules influences on 
the structural appearances and the mechanical properties of the resin matrix.  
 
4.4.1 Chemical analysis  
 
 The chemical analysis of the resin is performed via the liquid precursors 
(mixed raw resin materials) and cured solid resins. The transformations of 
synthesized resin are confirmed through before and after curing. The molecular 
structure of raw resin also investigates depending on the catalysts. Moreover, 
main occurrences during the curing are explained by the reaction products (i.e. 
generated by the addition reaction and the condensation reaction within curing 
process). The reaction products can assume via removed or decreased 
chemical during the curing. They are expected to influence probably the 




 The Fourier Transform Infrared (FT-IR) spectroscopy is the basic study 
to understand and confirm the concentration as well as the various functional 
groups of the resin chemistry. Also, the synthesized mixed raw resin material 
can compare with the commercial precursor E97783. Furthermore, cured resins 
(e. g. fine pulverized dried resins) would define as the polymerization states of 
the resin by the curing process. The both liquid and solid resins are verified by 
the Thermo Electron corporation FT-IR spectrometer Nicolet IR 200. 
Furthermore, BIO-RAD FT 165 MKII Golden Gate Single Reflection Diamond 
ATR system is used to analyze details of the cured resin by amplified specific 
range of the peak area. 
 
 The Nuclear Magnetic Resonance (NMR) spectroscopy studies are 
used to certify the resins’ specificities more detailed. These studies present the 
molecular structures of the mixed compounds. There are two different analysis 
methods as the liquid and solid phase resin, liquid 13C NMR and solid 13C NMR. 
The concentration and the various functional groups of raw materials are 
compared with the commercial precursor E97783. Also, these studies expect to 
define details of the polymerized cured resins’ state. In particular, the bonding 
types between phenolics are identified more clearly. 
 The liquid 13C NMR spectra of the raw materials are obtained by using 
an Unity INOVA 400 Varian wide-band spectrometer. The spectra are recorded 
under the following conditions: a pulse angle of 45 and 90 degree, a relaxation 
delay of 2 s and with gated Waltz-16 1H decoupling during the acquisition period. 
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Samples are prepared dissolving state in dimethylsulfoxide (DMSO-d6) at the 
ambient temperature. This method is used and capable to detect the 
characteristic condensed functional groups depending on the synthesis 
catalysts [He04]. Also, phenol-formaldehyde reactivity and potential 
formaldehyde emission can predict. [Li06, Pan95] 
 The solid 13C NMR spectroscopy, the finely ground cured resin samples 
are measured by CP/MAS NMR spectrometer. The spectra are obtained by 
using a Bruker Avance 400 MHz NMR spectrometer. The spectra are recorded 
with MAS spinning at 12.5 kHz, with a contact time of 5.5 ms, a recycling delay 
of 9.1 s. The proton spin-lattice rotation frame relaxation time (T1ρH) and carbon-
proton cross polarization relaxation time (TCH) are obtained using a standard 
cross-polarization pulse with various contact time. These both T1ρH and TCH are 
determined by nonlinear curve-fitting of the signal intensity versus the constant 
time [He04].  








ρ ρτ −− −⎟⎠
⎞⎜⎝
⎛
−=         (4.1) 
 
T1ρH: proton spin-lattice rotation frame relaxation time 
TCH: carbon-proton cross polarization relaxation time  
I: peak intensity 
τ: contact time 
I* : calculated intensity 
Where I is the peak intensity at the contact time, τ, and I* is the corrected 
intensity. 
 
 The thermal properties of resins are determined by the simultaneous 
thermal analysis (STA) and the difference scanning calorimetry (DSC) (STA 
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409C, Netzsch). They are performed to measure the energy variation, the glass 
transition temperatures Tg and the thermo stability of the resin on a high 
temperature. Also, the chemical reactions (e.g. the chain-scission and the new 
bonding) between/within molecules can be predicted by the transition of the 
energy via that performance. Those are used initially for studying the phase 
transformation and chemical reaction mechanism of the resin [Lea64, Fol93]. 
The gel time, as a means of the curing time, is used to measure at a constant 
temperature, and may be considered a relative measurement, the rate of 
bonding formation in the resin. [Waa91] The gel time allows the volatile 
components to escape from the synthesized resin raw material, and that is an 
important point. Because the curing (i.e. the polymerization of low molecular 
molecules via the condensation reaction) is an exothermic process whereas the 
volatilization is an endothermic process [Chr85, Par99]. Samples of 
approximately 15 mg weight are placed in a sealed alumina pan and heated at 
10 °C/min from an ambient temperature to 1000 °C under argon (70 ml/min) 
condition.  
 
4.4.2 Microstructure characterization 
 
 The microstructural characterization is related to the morphology of the 
cured resin. The morphology is the structural phenomena of the resin bulk 
matrix, which is achieved by curing process to the resin raw material. Moreover, 
that is correlated with materials’ properties. Through this investigation, the 
phase of the resin matrix within the interface and the inter-lamina of the 
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composite is also observed. The correlation between the morphology of the bulk 
matrix and the chemical characterization of the resin would confirm depending 
on the resin contents (e.g. catalysts). Also, the influence of the morphology on 
the mechanical properties (e.g. strength and elastic modulus) of the resin matrix 
needs to verify together with the former investigation (e.g. how the morphology 
affects the hardness and the strength of the resin matrix). 
 
 The comparison between the density and the porosity of the resin bulk 
matrix can assume the structural characteristic. The macrostructrure and the 
microstructure also consider to understand the behaviors of CFPR composites. 
The resol type resin produces unpleased products during the curing by 
condensation reaction and that occurrence is included always within the 
manufacturing process of the resin. Those products are low molecular weight 
molecules and they cause the generation of the most voids during the 
manufacturing process of resins. These properties are obtain by various 
measurements. 
 
 The morphology expects to explain the structural phenomena of the 
material in detail. The structure of matrix depends on the resin as well as 
reinforcement CF weaves. To confirm their correlation is one of the main 
investigations about the structure in this study. This investigation can also 
expect to establish evidence about the mechanical property (i.e. the capability 
of the energy absorbance from the external impact at the materials). The 
successive approximation to the investigation method declares details of the 
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forming way of the matrix-structure and the entire structure behaviors. For a 
verification of the void-free nature of the composite, these experimental 
investigations are prepared and focused on that the generating pores and 
cracks as well as their size and distribution [Man99, Ybe00].  
 
 The optical microscopy (OM) at the cross-sectioned matrix serves the 
understanding method about the macro structural behavior of the resin matrix. 
The two dimensional porosity of unreinforced resin matrix is also measured by 
the optical microscopy. The reactivity of the resin between CF weaves would 
observe via the interlayer and the interface of the CFRP cross-section. 
 
 The scanning electron microscopy (SEM) views more details of the 
material’s morphology. It can explain the behaviors as the generation and the 
growth of the pore and the crack in detail. Also, it expects to distinguish the 
generated pores and cracks during the manufacturing process from the 
structural failures by the pretreatment for the measurement Moreover, the 
correlation between those behaviors of the unreinforced bulk matrix and the 
laminated CFRP composite would verify how to affect the characteristic of the 
CFRP structure.  
 
4.3.3 Mechanical properties 
 
 The mechanical properties are affirmed by the hardness test of the 
unreinforced bulk matrix and the 3-point bending test of the CFRP composites. 
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The mechanical properties are influenced by the morphology of the cured resin 
matrix within the composite. The comparison studies between the mechanical 
property and the morphology can be the basis to understand the chemistry of 
the resin easily [Eli94]. Also, the correlation of them reveals influences of the 
resin chemistry and the curing depending on the condition of the synthesis on 
the final properties of material. 
 
 The hardness test is performed to define the resistance to deformation 
(i.e. related to the elastic modulus) by the plastic deformation of the matrix. It 
can define as the mechanical resistance as against penetration by the indenter. 
The microhardness is measured by forcing an indenter into the surface, with a 
microscope. It is an appropriated measurement for the fine microstructure 
where are multi-phase and non-homogenous. However, the hardness is a 
measured property of the surface regions, it depends on the modulus of 
elasticity, yield points and strain hardening.  
 There are universally applicable hardness testing methods: Mohs 
hardness, Brinell hardness, and Rockwell hardness. 
 The Martens hardness test is applied calculating value from the divide 
the test force F into the surface contact area of the indentation to measure the 
surface hardness of the matrix. That is performed to rate by the materials’ 
plastic and elastic deformation. Tests are performed without any pretreatment, 
hence it is difficult to verify the characteristic of the entire structure of the resin 




 The bending test is performed to identify the stiffness of the material, 
mainly. In the bending test, samples are CFRP composites, which are the 
laminated composites based on resin which is brittle material, hence this test is 
influenced by the resin’s specificity. Also, the difference of the polymer fracture 
is influenced by environment, duration and frequency of deformation as well as 
the chemical and the physical characterization [Eli94]. Fractures of the material 
can also occur instantaneously or after years. Since the CFRP composite is 
made of two different phase components including the resin, its fracture 
behaviors during the measurement need to observe with care. The strength of 
the CFRP composite is carried out by the 3-point micro bending test. This 
property can explain the bending strength of the matrix by the morphology, 
which is related to the voids and influence the fracture behavior of the laminate 
CFRP structure.   
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5 Chemical characterization of modified phenol-
 formaldehyde resin 
 
The understanding of the resin chemistry has been growing rapidly but 
remains controversial facts still. It knows that the resin has large variations in terms of 
their structure, composition and reactions under different sets of conditions (e.g. 
temperature, pH, and stoichimetry). Moreover, the transformation of various chemical 
structures through the polymerization during the curing process would study to 
identify the influence on the morphology of the resin matrix. 
 




Synthesized resole resins are mixed mono-, di-, or poly-hydroxymthylphenols, 
which are generally stable states of hydroxymethylphenols mixture at ambient 
temperature. They are transformed into the dimensional, cross-linked, insoluble and 
solidified polymers at the high temperature [Pol05]. The influence of catalysts on the 
synthesis to produce the raw materials of the PF resin is investigated and involved at 
the blends miscibility. Phenol and formaldehyde conversions as well as prepolymer 
composition changes seem also to occur in the condensation reaction. The most 
common catalysts for the synthesis of phenol-formaldehyde resole (PFR) resin are 
sodium-, potassium-, and lithium-hydroxide. Depending on them, the difference of in-
house made PFR resins is determined and that is related to the mixed final 
oligomeric components such as various monomer, dimer and oligomer phases. 
Theoretically, every free ortho- or para-position of the phenolic nuclei can be 
substituted by formaldehyde, and form hydroxymethyl group at the phenol. Then the 
mixtures are obtained various amounts of substitutions related complex structures. 
The substitution of the mixture (i.e. one, two and more methylol groups) is briefly 
verified and compared depending on reaction conditions, e.g. the molar ratio of 
phenol to formaldehyde [Geo86a, Geo86b, Sch03]. 
 
5.1.2 Preparation and Measurement 
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For the FT-IR spectroscopy, two different type spectrometers were used: the 
thermo electron corporation FT-IR spectrometer Nicolet IR200 (Thermo Fisher 
Scientific Inc.) at the Institute of Inorganic Chemistry (TU Chemnitz) for liquid raw PF 
resin material and BIO-RAD FT 165 MKII Golden Gate Single Reflection Diamond 
ATR system (Specac Ltd) at the Institute of Polymer Chemistry (TU Chemnitz) for 
solid cured PF resins. The spectra were recorded by co-adding 16 scans in the range 
of wave number 400−4000 cm−1 at a resolution of 2 and 4 cm−1. Viscous liquid 
samples were prepared to measure being coated or spread on the pressed 
potassium bromide (KBr) pellet as thin film without any extra solvent and matrix. The 
pure ground KBr was used to obtain a reference spectrum, as the calibration, at 
ambient temperature. At the solid cured resin analysis system equipped with a light 
conduit and diamond composite, an insertion probe was used to collect mid-FT-IR 
spectra of the fine-milled polymerized resin matrix.  
 
5.1.3 Results and Discussion 
 
The FT-IR spectrometry is utilized methods to reveal the synthesis process 
through the identification and the comparison of the chemical functional groups of the 
condensed harden resins as well as the raw resin material.  
The liquid commercial Resin E is used as a reference to compare as the 
phenolic resol type resin. Both FT-IR spectra of the Resin A and Resin D show in 
Figure 5.1 and they exhibit as the typical spectrum of the phenolic resol type resin. 
The hydroxyl group of the polymer and the aryl group at around 3400 cm−1 appear 
such as the broad band. The rest of the synthesis mainly phenol can be assumed at 
3500 cm−1 by due to the –OH group of phenol. Especially Resin A is presented 
overlapped broad peak from 2800 to 3700 cm−1 that can be considered as the 
components of not removed solvent e.g. still existed water with formaldehyde and 
phenol as the starting materials or byproducts. The peaks at 1480−1483 and 1552 
cm−1 are corresponded to the C=C aromatic ring vibrations and C−C of benzene ring. 
The peaks at 1116 and 1230 cm−1 are corresponded to the C−H in plane 
deformations and −C−C−O− (e.g. −C−C−OH or −CH2−O−CH2−)/C−O asymmetric 
stretch, respectively, while the 756 cm−1 peak belongs to the C−H out of plane 
vibrations. The peak at 1370 cm−1, which corresponds to the phenol O−H in planed 
bending, is also detected of the phenol-formaldehyde resin. The width of the band at 
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1370cm−1 indicates an O−H rather than C−H or C−C bond. The aqueous 
formaldehyde is added into the reactor at the beginning of the process, therefore the 
characteristic peaks of methylene glycol C−O, O−H and C−H bonds are observed at 
1116 and 1203 cm−1 in the spectra. Moreover the important characteristic peak of the 
commercial resol resin at about 910 cm−1 shows that is the result of the condensation 
reaction, generally. That is occurred from the methylene-ether bridge to the 
methylene bridge via the condensation reaction at the low temperature. However, 
that methylene bridge is represented at the spectrum of Resin E as well as Resin A 
and Resin D, which are all liquid raw resin materials. (Figure 5.1) Even more the 
transmission of in-house made Resin A and Resin D is similar as commercial Resin 
E. Therefore, it can assume that the synthesized raw resin materials have already 
contained a little methylene bridges and methylene-ether bridges between 









Figure 5.2. FT-IR spectra of liquid Resin A, Resin B and Resin C. 
 
In Figure 5.2, the spectrum of Resin A, B and C exhibit. Resins (A, B and C) 
are synthesized by same reaction conditions, especially the alkaline reaction catalyst 
(mixed NaOH and KOH). In the case of Resin B and C are synthesized using 
network catalysts. Surely, the difference of the peak shows at around 3400 cm−1, 
amount of the hydroxyl group from starting materials or phenolic compounds. The 
spectrum of Resin A displays overlapped wide broad band to Resin B and Resin C. 
This wide band is less observable because hidden peaks are difficult to identify. Also, 
these phenomena appear continuously the peaks of the −OH groups at around 2150, 
2900 and 3500 cm−1 in the spectrum of Resin A (Figure 5.2). 
According to the correlation described in the literature (Table 5.2) that the 
deformation vibration of out of the plan C−H bond in benzene rings gives the 
absorbance/transmission bands at about 750 cm−1 range. Approximately an amount 
of this group is decreased during the polymerization via the condensation reaction. Its 
concentration can be used as an index of the polymerization conversion, and that 





Figure 5.3. FT-IR spectra of solid cured Resin A, Resin D and Resin E. 
 
The deformation vibrations of C=C and C−C bonds in phenolic groups is 
absorbed in the region 1400−1500 cm−1. This group does not participate in any 
chemical reaction during the polymerization commonly. However in this experimental 
observation, the absorbance as well as the peak width of the spectrum is contracted 
after curing. Sometimes, such volume contraction have explained changes the 
sample thickness and induced an error in the measurement of the absorbance. Also, 
the absorbance peak of the C−C bond at 1480−1483 cm−1 can consider as internal 
standard in order to eliminate this error [Car99]. Particularly, the absorbance at 
maximum of the absorption bands, i.e. at 756 and 1480 cm−1, have been followed 
and scanned in the reaction kinetic study of the PFR. The absorption peaks 756 and 
1480 cm−1 are named sample peaks and reference peaks [Car99].  
Resin A and Resin D appear wider and stronger phenolic hydroxyl groups 
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band ≈3300 cm−1 than Resin E. The methylene bridge peak at about ≈910 cm−1  
displays also the lower transmittance by in-house made Resin A and Resin D 
(Figure 5.3). Due to the higher absorbance, it can assume Resin A and Resin D 
contain more methylen bridges between hydroxymethlyphenols. Also it can deduce 
that the cured Resin A and D include still more starting materials or produce more 
hydroxyl groups via the comparison of absorption band area. They can be the factor 
to generate water. In the spectrum of the cured Resin E, aliphatic −CH peak at 
2750−2990 cm−1 exhibits less absorbance.  
The all mentioned transmission signals are assigned in the following Table 5.1 
and 5.2 by the references, and the observed transmittance/absorbance peaks and 
their corresponding assignments are compared with the references (Table 5.1 and 
























Table 5.1. Functional groups’ wavenumbers of phenol and formaldehyde by  




Functional group  
3400 3400   OH stretch 
3026    CH unsaturated stretch 
 2822   CH stretch, general 
 2724   CH bend overtone 
 1722   C=O stretch (overlapped with OH scissors of H2O) 
1605    C=C aromatic ring 
1510    C=C aromatic ring 
1485    C=C aromatic ring 
 1390   C−H bend 
1380    OH in-plane bend 
1240    C−C−O asymmetric stretch 
1180    CH aromatic, in-plane 
1160    C−O stretch 
 1158   C−O stretch 
1060 1073   Single bond C−O stretching   Vibrations of C−OH group 
1020 1023   −C−OH 
990 992   −C−H 
880    −C−H 
800    Asymmetric stretch of phenolic C−C−OH 
747    CH aromatic, out-of-plane 




Table 5.2. Observed Functional groups’ wavenumbers of phenol-formaldehyde 




Functional group  
3400 3650-3000 OH, Polymeric OH gives broad band 
3330  Phenolic OH 
3100  Aromatic H 
2900  −CH2− 
2920  Aromatic OH 
2925 2953-2900 In phase stretching vibration of −CH2− alkane 
≈2880 2880-2650 Aldehyde  
2850  Out of phase stretching vibration of −CH2− alkane 
1700  Aromatic aldehyde 
1610 1640-1615 C=C aromatic ring C=C bonds of benzene ring 
1517 1552 C=C aromatic ring 
1504 1513 1509 C=C aromatic ring 
1480 1480-1483 C−H aliphatic C−C bands of benzene ring 
1460 1457 −CH2− deformation vibration 
1450 1451* C=C benzene ring obscured by −CH2− methylene bridge OH in plane 
1390 1370 OH in plane 
1378   
1237 1230 Asymmetric stretch of phenolic C−C−OH 
1200  C−O of phenol group 
1153 1154 C−O stretch 
1100 1116 Asymmetric stretching vibration of  C−C−O aliphatic ether (−CH2−O−CH2−) 
1075 ≈1100 shoulder In plan bending vibration of aromatic CH 
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1045 ≈1024 Single bond C−O stretching vibration of −CH2OH group aliphatic hydroxyl 
976  1,2,4−substituted benzene ring 
910 ≈910 Methylene bridge 
890 
885 ≈890 CH out-of-plane, isolated H 
835 
820 ≈826 CH out-of-plane, para-substrate 
814 
780 ≈800 Adjacent 2H 
760 756.6 CH out of plane, ortho-substrate adjacent 3H and 4H 
694 ≈694 Adjacent 5H 
 
* observed IR spectral frequencies of 2,4,6−trihydroxymethyl phenol 
 
5.2  Nuclear Magnetic Resonance spectroscopy (NMR) 
  
 The liquid and solid carbon 13-nuclear magnetic resonance (13C NMR) 
spectroscopy is used to investigate the molecular structure of the monomers blend 
and the cure acceleration effects between liquid phenolic components and solidified 
PF resins [Par98]. The nuclear magnetic resonance spectroscopy study is one of 
important investigation methods of chemical characterization for the polymer 
materials. 
 Liquid 13C NMR, this technique needs to consider the application for soluble 
resins as well as the influence of solvent and severe insolubility of cured resins. 
 In the study of solid 13C NMR, insoluble networking of the partially cured or 
completely cured resin has been applied in characterizing the curing process and 
network structure of the PF resins. 
 To better understanding the reaction mechanism and the curing behavior of 
the synthesized PF resins, both liquid and solid 13C NMR have been employed to be 
measured the structural features of uncured and cured PF resins. The variation of the 
mixtures’ structure and composition can be associated with the experimental 
conditions and that is investigated also. 
 





 The liquid 13C nuclear magnetic resonance spectroscopy has been used to 
characterize the raw synthesized PF resin in detail. These NMR studies can reveal 
much qualitative or quantitative information of the reaction mechanism, structures as 
the position of linkages between the hydroxymethylephenol and composition about 
synthesized resins via the spectral assignment of PF resins. Since the synthesized 
raw resin is the mixed prepolymer blends, the bonding composition and the state of 
the resin are confirmed approximately. The characteristic co-condensed functional 
groups between phenolic components depending on the catalysts during the 
synthesis may be detected also in the liquid 13C NMR study [Zhe02, Par98]. To clarify 
the complicated relationship between the functional groups and their corresponding 
chemical shifts of the PF resins, it is studied the obvious difference in the chemical 
shifts of phenoxy carbon in the phenolic rings depending on the used different 
alkaline catalysts. Even the specific components of the PF resin can be detected by 
the NMR investigation via the chemical shifts [He04]. 
  
5.2.1.2 Preparation and Measurement 
 
 The liquid 13C NMR spectra were recorded using a wide-band spectrometer-
Unity INOVA 400 from Varian company. 1H NMR spectra were done on 400 MHz and 
13C on 100.6 MHz. All measurements of concentrated resol solution in 
dimethylsulfoxide (DMSO-d6) were performed at ambient temperature if not otherwise 
mentioned. External standard was tetramethylsilane (TMS) (δ = 0) and solvent 
signals were recalculated relative to TMS, automatically in the instrument.  
 
5.2.1.3 Results and Discussion 
 
 This study is to provide a better understanding of the chemical nature, which is 
the bonding site and condition between mixed hydroxymethylphenols. Their 
influences on the networking within the raw resin materials during the curing (i.e. the 
polymerization/networking via the condensation reaction) is also investigated. The 
synthesized prepolymemr blends, various types of hydroxymethylphenol, are 
compared with each spectrum to clarify the resin specificity. That is also expected to 
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certify the difference of the solidified resin through the curing process depending on 
the catalysts. 
 At first, common chemical shifts of the liquid 1H NMR of the phenolic resin 
display in the Table 5.3. The chemical shifts dependent on the proton’s site in the 
common phenolic resin appear at 3.83−3.98, 4.47−4.55, 4.64−4.76, 4.80−4.95 and 
6.58−7.67 ppm. The ortho- and the para-hydroxymethyl proton exhibit overlapped 
chemical shifts. So, the methylene bridge can be assumed the chemical shifts at 
3.67−3.98 ppm.    
 
Table 5.3. Chemical shifts of the liquid 1H NMR measurements of common  
 phenol-formaldehyde resole resin. 
 
Connected functional group Chemical shifts (ppm) 
proton of the aryl  
(aromatic ring-proton) 
7.67 – 6.58 
Halbformalproton 4.95 – 4.80 
o-hydroxymethyl proton 4.76 – 4.63 
p-hydroxymethyl proton 4.55 – 4.47 
o,o’-, o,p’-methyl proton 3.98 – 3.83 
p,p’-methyl proton 3.77 – 3.67 
 
 In Figure 5.4, it shows the chemical shifts of the protons at the synthesized 
phenolic compounds by the liquid 1H NMR observation. The main chemical shifts are 
presented approximately 3.5, 4.5 and 7.0 ppm as the proton from the aryl, 
hydroxymethylphenol and methyl groups of the phenolics. The spectrum of Resin D 
is recorded in the wide chemical shift, a range 5.6−6.5 ppm as the represented 
phenolic groups. The chemical shift at 2.0−4.0 ppm is assigned to the methyl groups 
(e.g. Ar−CH2−Ar or Ar−CH2−O−). The spectrum of the Resin D exhibits obviously 
different chemical shift from other resins, which exhibit similar spectra as the 
commercial phenolic prepolymer, Resin E. Moreover, the synthesized Resin A and 











Figure 5.5. 13C NMR spectra of Resin A, Resin D and Resin E in DMSO-d6. 
 
 It expects to clarify the complicated relationship between the functional groups 
and their corresponding chemical shifts of the PF resin. Figure 5.5 shows the liquid 
13C NMR spectra of the raw resin materials; commercial Resin E, synthesized Resin 
A and Resin D. They display general essential chemical shifts of the common 
phenolic resol resin at around 60, 115 and 130 ppm as −CH2O−/−CH2−, aryl, and C1 
of the hydroxyl group at the phenol to the corresponding functional groups as listed in 
the Table 5.4 [Pan95, Bre77]. There is an obvious difference in the chemical shifts of 
phenoxy carbon in the phenolic ring depending on the catalyst in Figure 5.5. Its 
chemical shifts of Resin E, which is not mentioned about the catalyst for the 
synthesis, are detected at 115.3, 118.9 and 129.4 ppm mainly. They are also 
appeared at 115.5, 119.0, 128.2, 129.6 and 132.3 ppm of the Resin A spectrum with 
the similar intensity and little shifting. They appear the chemical shifts at 115.7, 129.9 
and 132.7 ppm in the spectrum of Resin D and that is mentioned and confirmed the 
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following Table 5.4. Depending on the catalysts, these movements of the phenoxy 
carbons’ chemical shifts can be assumed that the inducting polarization of the 
phenoxy carbons becomes different. This polarization influences the essential 
reaction behaviors as the addition reaction and the condensation reaction of the PF 
resin. Some specific components of the PF resins detect also at the chemical shifts, 
58.3−59.7 and 62.8−64.6 ppm as dimethylether bridge (−CH2O−CH2−) and 
methylene bridge (−CH2−) by Resin E. These chemical shifts are appeared in the 
spectrum of Resin A and Resin D, whereas they show shifted peaks. The methanol 
(CH3OH) chemical shift at 49.1 ppm shows in the spectrum of the Resin D and that is 
expected the stabilizer of the formaldehyde solution, which is a starting material of 
the synthesis. The methyl carbon resonances are assigned the range of chemical 
shifts 58.3−59.7 ppm in the structure of methoxymethanol (CH3OCH2OH) and its 
methylene carbon is belonged to the chemical shift at 89.8 ppm. The remaining 
formaldehyde in the raw resin materials shows the chemical shift ranges of 81.7−81.9 
to 82.3 ppm. The chemical shift at 89.8 ppm belongs to para and ortho 
Ph−CH2OCH2OH that is represented just at the synthesized Resin A and Resin D. 
However, the methylene ether bridge of the common phenolic resin between 65 and 
82 ppm is not observed in their spectrum. They appear the chemical shift at 82 ppm, 

















Table 5.4. Chemical shifts of the 13C liquid NMR measurement of common  
 phenol-formaldehyde resol resin. 
 
Structural elements Chemical shifts δc (ppm) 
C1 of the aryl groups (phenolic) 158 – 150 
C of p-substituted aryl (phenolic) 134 – 132.5 
C of the o-methyle CH2 129.2 – 128.1 
C of the o-methanol CH2OH 127.9 – 127.4 
C of the dibenzylether ~ 125 
Unsubstituted p – C 120.5 – 119 
Unsubstituted o – C 116 – 115 
Ar – CH2OCH2 – Ar ~ 69.1 
Ar – CH2 – (OCH2)nOH  93 – 87 
Ar – CH2 – (OCH2)nOH  66 – 65 
p – Ar –  CH2OH 64.7 – 64.5 
o – Ar –  CH2OH 62.2 – 61.2 
p,p’ – Ar – CH2 – Ar 41 – 40 
o,p’ – Ar – CH2 – Ar 36 – 35 




Table 5.5. Comparison of 13C liquid NMR chemical shifts (ppm) in 
dimethylsulfoxide (DMSO-d6) Resin A and Resin D to Resin E. 
 
Chemical shifts δc (ppm) 
 
Resin A Resin D Resin E 








































































The spectrum of uncured Resin B and Resin C, which are included a 
networking catalyst additionally, are illustrated in Figure 5.6. Of course, they show 
also the main chemical shifts of the common phenolic resin. Also their spectrum is 
similar to peaks appearance within the spectrum of other resins. However, Resin B 
and Resin C exhibit the higher intensity of the chemical shifts than Resin A. More 
ortho-methanol and dibenzylether of phenolic mixture are observed at the chemical 
shifts 125 and 126 ppm in both modified Resin B and Resin C. Moreover, 
unsubstituted phenolic hydroxyl and methylene group of methylene bridge are 
exhibited as the shifted peaks which can expect as the influence of the including 
networking catalysts. The substituted phenolic chemical shifts are moved from 128.0 
ppm to 124.8 and 125.0 ppm. The chemical shifts of unsubstituted phenolic hydroxyl 
groups are also shifted from 115.1 to 109.8 and 114.3 ppm. 
 
 
Figure 5.6. 13C NMR spectra of Resin A, Resin B and Resin C. 
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Table 5.6. Comparison of 13C NMR chemical shifts (ppm) in dimethylsulfoxide 
(DMSO-d6); Resin A and Resin D to Resin E. 
 
Chemical shifts δc (ppm) 
 
Resin A Resin B Resin C 




























































































 The insolubility of the cured resins makes most chemical techniques 
ineffective for the chemical characterization of cures PF resin [Bry83]. However, 13C 
CP-MAS NMR spectroscopy analysis has been used in the limited study about the 
partially cured or completely cured resins. This technique has provided an 
opportunity to directly prove the network structure of the cured resin under non-
destructive condition. So the structural information can be obtained from the solid 
PFR resin. The high-resolution 13C NMR spectrum of the cured resin can be obtained 
by the combination of the cross-polarization with high-power 1H decoupling, 
accompanied by high-speed Cross-Polarization Magic-Angle Spinning techniques 
(CP-MAS). The CP technique generates sensitivity enhanced carbon signals through 
the transfer of the magnetization from proton (1H) to carbon (13C) spins. The MAS 
method enables the resolution of the resonance of chemically different carbon types. 
The probing conditions for solid 13C CP-MAS NMR are various depending on authors 
and purposes of studies [Bry83, Fyf80, He04, Sin89]. The spinning rates ranged from 
2.2 to 5.0 kHz, the contact times are 0.03 to 2 ms with a delay times range of 1 to 30 
s. The most often used probing conditions are 3.5 – 4.0 kHz, 1 ms, 1 s for the 
spinning rate, contact time and delay time respectively. The proton spin lactic rotating 
frame relaxation time and the carbon-proton cross polarization relaxation time are 
also obtained using a standard cross-polarization pulse with various contact times in 
other literatures [Bry83, Fyf80, He04, Mac84, Par98, Sin89].  
 
5.2.2.2 Preparation and Measurement 
 
 The solid state NMR spectroscopy was performed at 9.4 T on a Bruker Avance 
400 MHz spectrometer (Bruker company) and equipped with double-tuned probes 
capable of MAS (magic angle spinning). Decoupled 13C-{1H}-CP-MAS NMR was 
accomplished in 4 mm rotors made of zirconium oxide spinning rate at 12.5 kHz. The 
cross polarization with contact times of 5.5 ms was used to enhance sensitivity and a 
recycling delay of 9.1 s and a 90° pulse (6.0 µs). 8457 scans were accumulated. The 
specimens, cured resin samples, were prepared to ground finely for the performance 
of the solid 13C CP-MAS NMR measurement. 
 
5.2.2.3 Results and Discussion  
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 In-house made Resin A and Resin D are obtained the similar spectrum as the 
spectrum of the commercial Resin E, which shows typical resol spectrum via this 
solid 13C NMR study (Figure 5.7). The main chemical shifts of the phenolic resin 
show at about 130 and 150ppm, which are observed also in the uncured raw resin 
material before. They are C1 of aryl groups at about 150 ppm and substituted aryl 
groups at about 130 ppm. Between 30 and 40 ppm, the chemical shifts of the various 
methylene bridges (e.g. o-o, p-p. o-p) appear between phenolics. The methylene-
ether bridges appear at about the chemical shift 70 ppm. The result of condensation 
reaction within the low molecular precursor reveals via the peaks between 30 and 40 
ppm, which are important chemical shifts as methylene bridge of the cured PF resin. 
That methylene bridge is the ideal bridge of the solidified resin and exhibits via Resin 
A: < 33.5, 33.5, 33.9, 37.3 ppm, via Resin D: 31.4, 31.9, 33.0, 33.5, 34.1, 34.9, 35.7, 
39.2, 40.3 ppm, and via Resin E: 30.7, 31.4, 32.1, 33.6, 34.1, 34.6, 39.3 ppm. The 
largest peak at about 130 ppm belongs to the carbon of the substituted phenolics, 
which are the main structure of the PF resin, independently of the reaction condition. 
Another main peak is the C1 of phenolic group at about 150 ppm. Especially, in-
house made Resin A and Resin D appear still the chemical shifts >90 ppm which are 
assigned to the methoxymethanol or acetal group of the hemiformal structure (e.g. 
Ar−OCH2OH and Ar−CH2O(CH2O)CH2OH). After curing, the peaks at about 120 ppm 
disappear almost from the spectrum of the in-house made resins, though the 
commercial Resin E exhibits still the chemical shifts of the o-/p- unsubstituted 



























Figure 5.8. Molecular structure models of solid cured resins according to the solid





Table 5.7. Comparison of the resins’ solid 13C NMR chemical shifts (ppm). 
 
Chemical shifts δc (ppm) 
 
Resin A Resin D Resin E 
C1 of phenolic ≈150.7 ≈150.6 ≈150.9 
Substrate phenolic hydroxyl ≈129.4 ≈129.4 ≈129.1 
Unsubstrate phenolic hydroxyl   115.8 
Methylen of methoxymetanol 




























































5.3  Simultaneous Thermo Analysis (STA) 
 
5.3.1 Introduction  
 
 The simultaneous thermo gravimetric analysis (STA) is used to determine the 
weight transformational behavior (e.g. the weight loss) of the materials in the 
elevating temperature. This thermal degradation behavior can indicate the thermal 
resistance of materials. That is also related to the chemical reaction as well as the 
physical reaction of the material. The study of the thermal degradation can lead to 
estimate the temperature of the maximum degradation rate, the initial degradation 
temperature and the final degradation temperature. In polymer materials, the 
investigation of the thermal characterization is performed to confirm the 
transformation of the material phase depending on the temperature, i.e. the melting 
temperature and the glass temperature [Gil97].  
 The differential scanning calorimetry is also one of the most widely used the 
thermal analysis technique for the characterization of polymer materials. This 
technique can expect to reveal the phase transformations such as melting range, 
heat of fusion, crystallinity, curing behavior and decomposition of the material for the 
practical applications. In general, the mechanical and thermal properties of materials 
significantly depend on the crystal structure, crystallinity degree, molecular weight 
and branching [Kin74]. Moreover, the conventional DSC can be performed in different 
modes of operation to study the curing process of thermosetting plastics. Despite its 
wide array of applications, DSC thermo-grams do not provide direct chemical 
information (e.g. reaction mechanism) of the resin, hence the controversy sometimes 
arises regarding the nature of the certain thermal events [Hol97, Zhe02]. The 
modulated DSC is capable of separating the kinetic component (non-reversible) and 
heat capacity (reversible) components of heat flow, thus allowing deconvolution of 
overlapping thermal events (i.e. the glass transition temperature, the curing, and the 
enthalpy relaxation) [Rab99]. The curing is the process for the phage transition of the 
resin (i.e. the solidification via the condensation reaction of prepolymer mixtures), and 
that is a characteristic of thermosetting materials. The curing of the thermosetting 
involves the cross-linking as well as the polymerization, as it passes through two 
stages generally: gelation and vitrification [Gil99]. The gelation occurs when a three 
dimensional network structure with infinite viscosity is formed. That marks the 
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transition between the liquid and gel state phage. The vitrification occurs when the 
glass transition temperature of the thermosetting material rises and equals the cure 
temperature. The vitrification marks the transition from liquid or rubber to glass. 
Before the gelation, thermoset curing is a kinetically controlled process while after 
vitrification it is a diffusion-controlled process and the reaction rate decreases [Gil99, 
Pen85, Zhe02].  
 Therefore, these advanced thermal analysis and DSC technique are 
proceeded to investigate the influence of the curing behavior of the PF resole resins 
on the morphology of the cured resin matrix. 
 
5.3.2 Preparation and Measurement 
 
 The investigation of the simultaneous thermal analysis and the differential 
scanning calorimetry were performed using the instrument, STA 409C Mod, Netzsch 
GmbH. The experimental parameters of analysis were that argon gas as the purge 
gas was used with 70 ml/min flow rate and 10 K/min heating rate were. That 
condition was applied at all thermal experiments from room temperature to 1000 °C. 
Temperature and cell constant calibrations were performed using aluminum-oxide 
(Al2O3).  The sample weight for this thermal analysis was ranged from 10 to 20 mg. 
 
5.3.3 Results and Discussion 
 
5.3.3.1 Simultaneous Thermal Analysis 
 
 In general, the thermal degradation of the typical PF resins appears mainly the 
two stages mass losses at about 100 °C and 400 °C. In-house made resins, they 
show also the typical thermal degradation behavior of the PF resin that is confirmed 
by the comparison commercial Resin E to synthesized resins. Figure 5.9 shows the 
thermal degradation of Resin A, Resin D and Resin E in elevated temperature. The 
first mass loss at around 100 °C is attributed to the evaporation of solvents, mostly. 
The occurrence of the evaporation is considered as the remained starting reaction 
materials and the generated byproducts via the addition reaction during the curing 
process [Kim07, Muc07]. At about 400 °C the second mass loss indicates the 
transformation of the molecular structure e.g. the chain scission and rearrangements 
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[Kim07, Kri04]. This thermogram shows the higher decrement of Resin A and Resin 
D than commercial Resin E at the first mass loss. Also the beginning of the mass 
loss appears the lower temperature than commercial resin. Due to the decreasing 
rate and the beginning temperature, it can assure that synthesized resins contain 
more factors (chemical contents) of the evaporation. At the second thermal 
degradation, Resin D shows the least decrease of mass loss which is related to the 
higher thermal resistance at a high temperature (> 400 °C). Synthesized resins show 
the mass loss within a range of the temperature, though Resin E shows a 
continuously decrement till 1000 °C as the end of this thermal analysis (Figure 5.9).  
 













Figure 5.9. Comparison of thermograms of Resin A, Resin D and Resin E. 
 













Figure 5.10. Comparison of themograms of Resin A, Resin B and Resin C. 
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 In Figure 5.10 thermograms of three different in-house made resins are also 
represented the typical thermogram of the phenolic resin. Resin B and Resin C 
illustrate less mass loss at the first thermal degradation than Resin A. The second 
thermal degradation behavior occurs slower and longer than the dramatic first 
degradation. Totally, Resin C, which is used the networking catalyst (EtO)4Ti, is 
displayed less mass loss than the other in-house made resins.  
 Through that thermal degradation behavior of raw resin material, it can be 
assumed the temperature range of the resin’s thermal resistance. From the thermal 
degradation, the temperature range of the resin’s chemical reaction can also estimate 
approximately. 
  
5.3.3.2 Differential Scanning Calorimetry (DSC) 
 
 Differential scanning calorimetry (DSC) has been used widely a thermal 
analysis techniques with thermo gravimetric analysis for PF resins. The 
characterization, which relates to the resin reaction, of the resin can be interpreted by 
the exo/endothermic thermal behavior in the elevated temperature.  The curing 
process/rate and the curing temperature are investigated depending on the raw resin 
material by this technique. The chemical/physical reaction between precursor 
mixtures during the curing as well as the curing processing and the curing rate are 
influenced by the different synthesis parameters (e.g. F/P ratio and catalysts) and 
various additives (e.g. cuing accelerators). During the measurement, due to the 
vaporization (e.g. water), sample pans are required the capable of withstanding the 
pressures.  
 The addition reaction and the condensation reaction as well as the 
evaporation, which are related to the resin chemistry, expect to be illustrated. In 
Figurer 5.11 and 5.12, they display DSC scans of resins which are included various 
thermal behaviors. The exo/endothermic behavior of the common phenolic resin can 
compare with other synthesized resins according to the thermogram of commercial 
Resin E in this investigation. In a resol type resin, two exothermic peaks are detected 
by the scanning DSC, commonly [Zhe02]. The first peak is attributed to the 
substitution of formaldehyde into phenolic rings (i.e. referred to the addition reaction) 
forming methylolphenols. The second peak is attributed to the water-producing via 
the condensation reaction during curing. At the first exothermic peak, it may consider 
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that no significant decrease in polymer chain motions occurred as reported by Zheng 
and King et al. The kinetic parameters are often recorded using conventional DSC 
experiments to obtain the activation energies and reaction orders [Zhe02, Kin74]. 
They are mainly related to two reactions (e.g. addition and condensation reaction) of 
the resol resin during curing process. The most striking difference within the 
thermogram is the presence or absence of sharp exothermic peaks within the 
temperature range of their thermal behavior. The second exothermal peak sitting a 
higher temperature is evident, though they appear a broad peak in the thermogram of 
Resin A and Resin D (Figure 5.11). The peaks temperature is detected at each 
thermogram: Resin A at about 142 and 176 °C, Resin D at about 117 and 164 °C, 
commercial Resin E at about 156 °C. In general phenolic resin, the sharp exothermic 
peak at a lower temperature appears between the temperature range 100−130 °C 
[Chr85]. However, the first exothermic peaks of all resins appear the higher 
temperature range in this experimental investigation. Moreover, their exothermic 
peaks are illustrated broadly. The commercial Resin E is shown the main exothermic 
peak in the thermogram at higher temperature 173 °C. Also, undistinguished several 
exothermic peaks show together with main exothermic peak (Figure 5.11). On the 
other hand, in-house made resins, Resin A and D, appear the similar DSC 
thermograms as Resin E. Both in-house made resins show the wide endothermic 
peak, firstly. Also, the second endothermic peak follows the first peak, continuously. 
The first endothermic peak is related to a great amount of the evaporation which can 
be assumed by the first mass loss via TGA. That can be explained the beginning of 
the thermo degradation around 100 °C being based on the boiling point of the low 
molecular weight molecules, which are the rest from the synthesis. The followed next 
endothermic peak is possible to regard as the sudden emission of the vapor gases 
from sample pan [Yoo06]. That is the often occurrences during the curing process of 
PF resin and shows various temperature range caused by amount of the vapor gas. 
The thermogram of Resin D shows the first endothermic peak at the lowest 
temperature at about 100 °C. The first endothermic peak of Resin D leads to the 
more containing/evaporation of low molecular weight molecules than Resin A. 
Despite the different beginning of the thermal behavior, the exothermic peak of the 
maximum height temperature is detected the same temperature 197 °C by the Resin 
A and Resin D. However, that exothermic peak is detected the lower temperature at 
174 °C by Resin E. From the result of DSC scans, the temperature range of the 
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curing can deduce via various thermal behaviors between 100 and 200 °C. Also, it 
can consider that more water is generated and evaporated during the entire curing 
process of in-house made resin than Resin E. 
  
 







Figure 5.11. DSC thermogram of Resin A, Resin D and Resin E. 
 
 







Figure 5.12. DSC thermogram of Resin A, Resin B and Resin C. 
 
 In Figure 5.12, the thermogram of the synthesized Resin B and Resin C, 
which are synthesized using networking catalysts, illustrates various thermo 
behaviors. Their first endothermic peak shows slightly lower than Resin A. Also, their 
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second endothermic behaviors, which expect sudden emission of the vapor gases 
from sample pan, appear at a higher temperature and complicated than Resin A. 
From the thermogram, Resin B can be expected that the more reactions proceed 
during curing. Resin C shows the most similar thermal behavior as Resin E and the 
maximum height temperature exothermic peak exhibits the similar temperature range 




 The synthesized raw resin materials show the overlapped broad peaks at 
around 3500 cm−1, which is related to the hydroxyl functional group of the aryl group 
and water, by FT-IF. The most area of them is disappeared almost at the FT-IR 
spectrum of the cured resins. This noticeable reduced peak at about 3500 cm−1 can 
be considered as the main influence of the curing on generating voids. The 
generation of voids results from the evaporation of low molecular weight materials, 
mostly water that is confirmed by the reduced peak at about 3500 cm−1.   
 The main NMR peaks of PF resin show at about 130 and 150 ppm within the 
both the solid 13C NMR and the liquid 13C NMR spectrum of synthesized resins. They 
are hydroxyl groups of phenolics and substituted phenolics. Various bonding types of 
the methylene bridge are confirmed by the wide band peaks 35 − 40 ppm clearly via 
the solid 13C NMR spectrum of the cured resin. Moreover, in-house synthesized 
resins are observed more methyl group of methoxy and acetal group as well as 
dimethylether bridges, which can be the intermediate bridge to form the methylene 
bridge. They can be a reason to shrink the bulk matrix at a high temperature 
processing. 
 The major mass loss of the thermal analysis occurs at about 100 °C that can 
be assumed as the evaporation of the water caused by the boiling point, mostly. The 
thermogram of TG/DSC confirms that the synthesized raw resin materials include 
and generate more water by the thermal behavior at about 100 °C. The final 
synthesized raw resins can contain still more water and their structure is composed 
of more hydroxyl groups. Moreover, it expects that the addition reaction and the 
condensation reaction are occurred more between the synthesized raw resins, hence 
more water can be produced during the curing process. The influence of networking 
catalyst is revealed via the complicated endothermic behaviors, which are expected 
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the sudden emission of the vapor gases from sample pan, of DSC scans. Especially 
Resin C, which is synthesized with networking catalyst (EtO)4Ti, shows the most 
similar thermal behaviors as Resin E’s, even more the its main exothermic behavior 
is observed at a lower temperature (162 °C) than Resin E’s (172 °C). 
 Before and after curing, the most reduced functional group is verified the 
hydroxyl groups by the chemical characterization and its decreasing rate of the in-
house made resins is observed higher than Resin E. Because of the similar thermal 
behavior and lower exothermic behavior Resin C is a created in-hose made resin 
and expected an optimized property in composite. 
   
 103
6  Microstructural Characterization  
 
The micro structure is related to the morphology of materials, e.g. to states of 
the bulk matrix as well as to the interface between the reinforcement and the matrix 
in composites. The morphology of composites is formed during the manufacturing 
process. Moreover, the microstructural characterization of the morphology can be the 
basis to understand various material properties and their mechanical behavior. 
Furthermore, the microstructure can be characterized by different properties and 
some of them can be quantified. It is the phase distribution and the porosity, which 
are objectified. The porosity in particular is determined by pore sizes, distribution and 






 Pores are occurring as macro or micro sized and exhibiting various shapes 
and inter connectivity in the matrix and the composite. The pores are usually 
generated during the manufacturing process. The pores are unavoidable and their 
occurrence depends on the chemical reactions in their material, the content and its 
local distribution in e.g. ceramic- and polymer-composite materials as here under 
consideration. Moreover, these material phenomena influence several properties of 
the material essentially. They affect certainly properties, as e.g. decreasing the 
strength or enhancing the energy absorption [Ham03, Han77, Pac09]. In addition, an 
infinite porous continuum exhibits different mechanical behavior and is correlated 
with different stress or strain distributions in the material [Rie1]. Voids can be 
classified by the size and their orientation. Literature distinguishes the voids as 
microvoids, intratow voidage, coplanar voids and extended voids, and they can be 
grouped or distributed uniformly/non-uniformly inside composites [Pac09, San02]. 
The actual distribution can be accessed by fabricating cross-sections of the 
composites.  
The porosity has an important influence on the strength of the bulk matrix and 
on its adsorption behavior. It influences the resistance to weathering, shock, abrasion, 
erosion, temperature strains, chemical attack by gases/liquids and their destructive 
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effects on matrix structure. The values of certain physical properties of the bulk matrix 
such as its bulk density, strength, permeability, and thermal/electrical conductivities 
are known to be influenced by the porosity [Was21]. 
 There are variety types of pores, which are possible to imagine forms and their 
models. Pore types are illustrated in Figure 6.1, and described as followed (according 
to E. W. Washburn): 
 
 1) The closed or bubble pore, a. 
2) The channel pore, b: There are two main types, the vertical and the 
horizontal with various intermediate inclined 
forms as well as the connected pores exist. The 
channel pores connect with one another so as to 
form a passageway through the body matrix. 
3) The blind-alley pore, c: there are three major types, the upright, the 
inverted and the horizontal with the various 
intermediate inclined forms. 
4) The loop pore, d: These may be upright, inverted, horizontal, or of 
an intermediate inclined type. 
5) The pocket pore, e: These are quite large pores with short neck. The 
necks can be wide and narrow or so narrow as to 
cause the pocket to approach the closed-pore 
type in behavior. 
6) The micro pore: This type of pore, which is not represented in the 
figure, includes all pore shapes with diameter 1–5 
μm. It is difficult to fill with a liquid (e.g. water and 
mercury) when that soaked long enough. 
Sometimes, there is no sharp classification, 
because pore volume is included on the 
measured pore volume of the material.  
The mentioned pore types exist in three dimensions and not only in two dimensions, 
as Figure 6.1 suggests. They are observed throughout the matrix material, and 
without special counter measures they are just occasionally connected to the surface 
of the material. 
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Figure 6.1. Types of pores; a) closed or bubble pore, b) channel pore, c)blind-alley 
pore, d) loop pore, e) pocket pore [Was21].  
 
The porosity is determined theoretically covering the whole void in the matrix 
i.e. the three dimensional microstructural unit. The porosity is described as a fraction 
between zero and one, or as a percentage between zero and 100 % [San06]. It is 
used in many material-fields to determine the materials’ application, and commonly 
the term means the open-pore porosity [Was21]. In plastic material, which is made 
from liquid pre-polymer or polymer blends by a solidification process, both open and 
closed pores exist. They are randomly and inhomegeneously distributed. The cured 
PF resin shows typical phenomena of solidified polymer materials. 
 
There are two or three dimensional analysis methods to measure the porosity. 
In this investigation, the porosity of the cured resin is determined and compared by 
the following methods; 
 
a) volume/density method (i.e. the pore volume = the total volume – the 
material volume), 
b) water absorption method (i.e. the pore volume in cubic centimeters = 
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the weight of water saturated sample in grams – the weight of dried 
sample in grams), and  
c) digital image analysis of the cross sectioned surface (grey value 
correlation).  
 
6.1.2 Preparation and Measurement 
 
The density of the bulk matrix is determined by measuring the volume of the 
samples without the open pores volume and the matrices’ weight. This is done by a 
Gas Pycnometer (Type VM100, STEC Inc. Japan) via the penetration of the open 
pore by the working gas helium (He) and a micro-balance. The volume measurement 
by the helium pycnometer is a method to determine the specific density of solid 
materials [Fau99].  
 
For the volume-meter, probes were prepared from cured resins, sizing at about 
20 (width) mm ×  30 (length) mm ×  3 (thickness) mm. The working gas for this 
measurement was helium (He) and the input pressure to balance the instrument was 
controlled to be 1 bar.  
 
The porosity is estimated by the following the water absorption method, which 
is measured by the boiling water penetration according to ASTM C20:  
 
VPore = S – W (6.1) 
 
V  : Pore volume in cubic centimeters. 
S  : Weight of the water saturated sample in grams. 
W  : Weight of the dried sample in grams. 
Since 1 mL of water has a mass almost exactly equal to 1 g, the difference between 
the two masses (S and W) can calculate the pore volume. 
 
The water absorption method was performed an using sample geometry of 10 (width) 
mm ×  10 (length) mm ×  3 (thickness) mm, and compared with digital image analysis 
method. In order to evaluate the open porosity of the sample, specimens were cut 
from bulk matrix samples and composites. The mass of the specimens was 
measured by a micro balance. The bulk matrices’ density of the specimens was 
calculated. The open porosity was measured by the boiling water penetration 
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according to the water absorption method of the ASTM C20 [ASTM1]. The 
specimens were immersed in boiling water for 2 h, during which, the air in the open 
pores was replaced by the water. After that, the specimens were cooled down to the 
room temperature. The water on each specimen’s surface was carefully wiped off 
and the weight of the specimens filled with water was measured. The open porosity 






dw −=(%)  (6.2) 
 
Ww : Weight of the specimen after immersed in boiling water for 2 h.  
Wd : Weight of the dry specimen. 
D : Density of the dry specimen. 
 
The quantitative structure analysis was performed to determine the percentage 
of pore area (i.e. included open- and closed-pores) on a cross-section of the matrix 
material.  The two dimensional metallographic technique was carried out with a light 
optical microscope (Olympus). The images were obtained and identified using the 
image analysis Olympus a4i system. The preparation for this metallographic 
observation can create artificial features on the cross sectioned surface. Pores can 
be created or filled during cutting and polishing, due to different stiffnesses and 
roughnesses. Thus, it needs care to observe both states, such as polished and 
unpolished cross-section. Moreover, these results are influenced on the selection of 
the slice and/or the area of the analysis. Therefore, the fraction area is sometimes 
analyzed that is the observed mosaic images [Pac09]. 
  
6.1.3 Results and Discussion 
 
6.1.3.1 Density  
 
The density of bulk is the apparent density. It is employed to designate the 
ratio of the test piece’s mass to its volume. It is easily and accurately determined by 
weighing the completely saturated test piece suspended in any suitable liquid or by 
means of a volume-meter method using mercury as a liquid. The true density of a 
finely powdered material and the solidified bulk material is most conveniently 
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measured with a pycnometer. With suitable precautions, which have already been 
worked out carefully, the true density can be determined with a precision of better 
than 0.1 %, provided that closed pores smaller than the particles of the powder are 
not present. The closed pore is calculated from the true density, the bulk density and 
the porosity. When so calculated, it includes only those closed pores whose walls are 
strong enough to withstand the temperature and pressure differences [Was21]. In 
practice, it can also include a part of the open pores which are not completely filled 
with the absorption liquid or working vapor. In experiment by Washburn, for this 
method, the closed-pore space can be accessed and partly measured when grinding 
the material. The true-density is obtained by the rupturing all the closed pores.  
 
In this experiment, it considered that the density of the bulk matrix was 
measured and related to the porosity. The density was determined by a pycnometer 
(i.e. by a volume-meter). That was estimated by measuring the volume with a 
pycnometer using the working gas helium and the weight with a micro balance. 
Alternatively the water absorption method was applied by the translate matrix’ weight, 
which was measured by the filled infiltrated water the matrix through the connected 
open pores from the surface. Both methods demanded each the considerable 
measuring qualification. A pycnometer requires specimen’s size as big as possible 
and suitable to measure. On the other hand, the water absorption method requires 
the sample to be as small as possible. Each method requires a different specimen 
size for most accurate measurements.  
 
These two different methods are measured the higher density of the in-house 
made resins than commercial Resin E. That can be confirmed by all of the 
synthesized resins. They show the similar density, whereas commercial Resin E 
shows the lowest density of the both measurements shown in Table 6.1.  With the 
water absorption method, the density is considered each specimens in the volume 
(e.g. accurately 10 ×  10 ×  3 mm). It is also possible to assume that the Resin A − D 
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Table 6.1. Comparison of the different density measurement methods.  
 
 Density of the bulk matrix (g cm−3) 
 Pycnometry Water absorption method 
Resin A  1.30 1.27 
Resin B  1.12 1.26 
Resin C 1.24 1.25 
Resin D  1.39 1.26 

























  ■ PM:  Pycnometry 
  ■ WAM: Water absorption method 
Figure 6.2. Density of the bulk matrix depending on the methods. 
 
In Figure 6.2, the bar graph is illustrates that the two different methods indicate 
a comparable porosity. The bulk matrices of synthesized resins show a slightly higher 
density than Resin E, though the density does not show the different pore distribution, 
depending on the measurement. These both measurements are related with open 
pores, whereas the apparent density differs among the pycnometry and the water 
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The evaluation of the porosity was performed by the water absorption method 
and included channels and cracks. Alternatively the digital image analysis was 
performed based on the observation of the cross-sectioned surface of the matrix. The 
experimentally determined porosity of the sample is shown (Table 6.2). The 
measured porosity elucidates that commercial Resin E has a lower porosity than the 
in-house made resin by the water absorption method. Normally, the porosity is the 
value related to the matrix density. However, in these experiments, it is quite difficult 
to find the correlation between the porosity and the density, and even more these 
seem to exist a disparity (i.e. looked like the opposite characteristic). Particularly, the 
in-house made Resin D shows a porosity of approximately 72 % (Table 6.2), which is 
the highest experimentally detected porosity. On the other hand, the porosity of the 
cross sectional surfaces of this material determined by a two-dimensional digital 
image analysis shows the highest porosity 3.7 % of the commercial Resin E. In-
house made Resin A − D’s bulk matrices exhibit the lower porosities than Resin E. 
Their porosity is less than 1 %. As reported by Sanchez et al., the two dimensional 
observation results are affected by the analysis area selection of the matrix/material 
and the dispersion and sized of the pore. Moreover, this analysis method is 
influenced by the including closed pores as well as open-pores within the matrix 
[San06]. In the digital image analysis, the void size and their distribution can cover a 
wide spectrum. Since, they play an important role within this measurement, a care is 
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Table 6.2. Comparison of the porosity between evaluated open porosity by the 
water absorption method (3D) and the digital image analysis method 
(2D). 
 
 Porosity (%) 
 3D 2D 
Resin A 11.76 0.1 
Resin B 11.99 0.5 
Resin C 5.40 0.2 
Resin D 72.41 0.1 























  ▬  3D: Water absorption method.  
 −♦− 2D: Digital image analysis. 
Figure 6.3. Comparison between two- and three-dimensional porosity.  
 
 Figure 6.3 shows the different porosity range between the two- and three-
dimensional analysis methods. Totally, the three-dimensional porosity of matrices is 
obtained a higher value as 5 ~ 12 % except Resin D (72.41 %), just Resin C shows 
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the comparable porosity (5.40 %) to Resin E (5.30 %). However, the two-dimensional 
porosity is gained less than 1 %. Exceptionally, Resin E shows a higher porosity 
3.7 % in a two-dimensional digital image analysis. From them, it confirms that the 
porosity between two-dimensions and three-dimensions is incomparable. Also it is 







 The morphology of a material results its structural character. The resin’s 
morphology shows phenomena such as cracks, fractures, and roughness in the 
composite. The cross section reveals some of these features as well as macro- and 
micro-pores within the matrix. The pores are classified into three categories based on 
their aspect ratio as perfect circular, irregular and intermediate elliptical voids 
[Ham03]. These different structural behaviors of solidified resins are affected 
depending on the type of raw resin materials, i.e. the type of prepolymer. The 
condition of the curing process also has an influence on structural behaviors. It 
shows various interfaces of composites and different structural failures of body 
matrices. They are influenced by the type of the weave and the activity of the resin. 
The resin activity is related to a chemical and physical interaction between the fiber 
and the resin. The resin’s pot-time is a considerable factor for the infiltration. Every 
step in the manufacturing process has an influence on the generation of unexpected 
structural failures of a composite porosity [Han77, Pat93].  
This study focuses on the correlation between the structure of the unreinforced 
bulk matrix and the interfacial structure of the resin within composites. Voids may be 
correlated to the resin’s charactertic, i.e. to its molecular structure and the reactivity 
versus the reinforcement. Generated pores are frequently generated adjacent to 
fibers or connected to pores.  
Composite’s structures are visualized by optical microscopy (OM) and 
scanning electron microscopy (SEM). They show macro- and micro-structural 
characteristics in cross-sectioned areas. 
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6.2.2 Preparation and Measurement 
 
 For the morphology study, a cross-section of the cured resins was prepared 
from unreinforced resin bulk matrices and composites by using a diamond saw 
(Struers Accutom-5). They were prepared for SEM (LEO 14550VP and NEON by 
Carl Zeiss, SMT AG), and optical microscope (Olympus GX51). The micro structural 
characteristics of various phases in the cured resin matrix had to prepare for imaging 
and analysis. The cured resin as the unreinforced bulk matrix and the matrix of the 
composites was subjected to practical investigations of their morphology with and 
without the pretreatment (i.e. polishing of the cross-section). That expected to reveal 
effects of the fracture. These fracture phenomena would be attributed to structural 
similarities in the matrix resulting locally varying hardness. 
 
6.2.3 Results and Discussion 
   
Via the microscopy investigation of the morphology, special interest is 
attributed to the real structure of the matrix in composites and in bulk matrix samples. 
The microscopy resolves in detail the macro-, micro-pores and cracks of the solidified 
resin in the bulk matrix and in composites formed with these resins. As those 
behaviors, it is also possible to surmise the resin adhesion between fibers in 
composites [Dag96]. The structure of the matrix and its adhesion to C-fibers can be 
controlled by microscopical means. It would give indications for a correlation of 
certain matrix feature and a backing of macroscopical engineering properties on 
microstructural level.    
   
6.2.3.1 Optical microscopy 
   
Micrographs obtained by OM serve as images for a digital image analysis of 
the porosity, which is mentioned before. They reveal a range of pore sizes and that 
occur in a microscopic scale. Figure 6.4 shows the cross-sections of in-house 
synthesized and cured Resins A − D which display different pore sizes/shapes and 
differ in their lateral distribution. The low magnification’s optical micrographs give over 
viewing. Figure 6.5 shows one of biggest pore, which is of blind alley type, on the 
cross section of Resin E. It appeals as a cracked matrix in certain distances, 
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whereas the in-house made resin matrices show the unformed pore dispersion 
(Figure 6.4). The observation by the optical microscopy shows that the synthesized 
resin matrix (Figure 6.4) leads to a lower porosity than the matrix of the commercial 
Resin E (Figure 6.5). Resin B and Resin C are synthesized using catalysts (EtO)4Si 
and (EtO)4Ti modifying the network density. In macroscopic scale, the influence of 
their networking catalysts is difficult to reveal. Of course, Figure 6.4b and 6.4c display 
the dispersion and shape of pores. Moreover, Resin B looks more pores than Resin 






Figure 6.4. Quantification of porosity in different cured resin micrographs 
(magnification × 100) of a) Resin A, b) Resin B, c) Resin C, and d) 
Resin D   
 
 




Figure 6.5. Micrograph of the commercial Resin E. 
 
6.2.3.2 Scanning Electron Microscopy 
 
6.2.3.2.1 Observation of the bulk matrix 
 
 The scanning electron microscopy (SEM) is used due to its large depth of 
focus and analysis features for structural investigation of the materials’ structure. The 
aim is to correlate the structure and its influence on the mechanical properties of 
polymer matrix composites and corresponding bulk materials. This analysis 
technique is also very useful for study fracture surfaces and behaviors of compact 
polymers subjected to impact or fracture. The identification of the energy-absorbing 
mechanisms is possible that is theoretically predicted [Sha97]. Since most polymeric 
materials and in particular those under investigation are generally non-conducting, 
they must be coated with a thin layer of a conductor as gold or carbon in order to 
avoid electron induced polymer degradation and to avoid charging of the sample in 
order to create a clear image  [Ram04, Sha97]. 
To investigate the interior of the samples, it must be sectioned. To reveal 
structure/fracture correlations, the specimens have to be polished. It is necessary to 
find polishing procedures which reveal the different phases on the surface between 
the including those matrix and the interface to C-fibers within the composites. 
The commercial Resin E, the in-house synthesized Resin A and Resin D are 
compared in following Figure 6.6 − Figure 6.8. They confirm clearly that the content 
of voids within the matrix differ significantly between the commercial resin (Figure 
6.6) and the synthesized resins (Figure 6.7 and 6.8).                                                                         




         
Figure 6.6. SEM images of Resin E bulk matrix. 
 
Resin E (Figure 6.6) displays different matrix structures depending on the area, 
in the same matrix. One part of the matrix seems quite dense (Figure 6.6c). Another 
part of the surface matrix exhibits various pore shapes, sizes and dimension (Figure 
6.6b). The main difference is assumed to be the connection to outer surface or the 
closed characters. The images show the situation at higher magnification. The 
porous matrix part (Figure 6.6b) shows circle, ellipse and channel pore shapes, which 
are explained before. Pores appear heterogeneously as bubble clusters and 




   
 117
pore dispersion depending on the observing area, it confirms that the chosen area 
influences highly the porosity.  
Bulk matrices from Resin A and Resin D show a fine cross-sectioned surface 
(Figure 6.7a and 6.8a) at low magnification (x 1000). Due to the low hardness, few 
scratches remain as traces from surface polishing. At higher magnification (x 25,000), 
a cross-section is shown in detail as the different surface roughness of the both fine 
resin matrices. Resin A exhibits a fine homogeneous surface (Figure 6.7b), whereas 
Resin D is a more rough surface type (Figure 6.8b). The inhomogeneous surface of 
Resin D can be a cause of the high porosity of three-dimensional measurement. It 
can consider that the inhomogeneous surface results from the lots of the –OH groups 
of raw resin materials via the chemical characterization. Especially most of –OH 
groups are assumed as water by the thermal degradation temperature via the STA.   
 
 
     




     











Figure 6.9. SEM images of Resin B bulk matrix. 
 
Not only the addition of the catalysts for the synthesis but also the addition of 
the extra catalysts for the networking, they influence the resin matrix. Cured resin 
matrices show various porous surfaces and different roughness. Figure 6.9 shows 
the cross-section of Resin B matrix. Figure 6.9a shows the unpolished cross-
sectioned matrix, which has slightly rougher surface than other cross-sectioned 
surfaces (Figure 6.7 and 6.8). Figure 6.9a shows the influences of the cutting 
processing such as few particles and grooves, and diffused micropores (≤ 1 μm) are 
also observed. However, Figure 6.9b shows the fine cross section matrix in higher 
magnification. Resin C, which contains a networking catalyst (EtO)4Ti, shows 
randomly distributed pores on the polished cross-section (Figure 6.10). They appear 
in circles or pore bunches. The inside-surface of the pore shows the molecular 
structure of the cured resin and that can compare with the cross section of the matrix. 
 Depending on the type of resins, though their chemical character is almost 
similar, the morphology of the matrix is distinguished by each resin in spite of the 









Figure 6.10. SEM images of Resin C bulk matrix. 
 
6.2.3.2.2 Structural observation of the composites 
 
The appearance of the matrix differs locally as observed in the cross sections 
prepared form the composite samples. Various factors influence the matrix structure 
in composite materials, e.g. the reactivity of resin as well as the adhesion between 
reinforcement fiber and matrix. They affect the composite’s interface, which plays an 
important role for the composite properties. Depending on the type of C-fibers in the 
weave (e.g. PAN type T300 or Pitch type YSH50A) the fiber/matrix bonding strength 
a b
c
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varies. Matrix properties in the interface within composites can be revealed. CFRP 
composites made by a resin and the YSH50A CF weaves show more cracks in the 
interface as well as in the resin matrix than the CFRP composite made by the T300 
weave. Wielage and Kim reported about this phenomenon of CFRP composites 
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 The cracks are observed across the laminated composite, made of Resin E 
and YSH50A CF weaves (Figure 6.11a). Cracks between interlayers are also 
observed. A polished cross-section (Figure 6.11b) shows well bonded C-fibers inside 
the resin matrix and each fiber within weave. Just a few cracks are still observed. 
Moreover, unpolished cross-section (Figure 6.11c) shows the fine fracture effect and 
brittleness at the high magnification (x 5,000) via the fracture trace of the cutting. The 
matrix shrinkage between fibers also can observe. Although the observation of the 
cross-section indicates briefly without polishing, unpolished surface shows the more 
evidences of fracture behaviors caused by the matrix brittleness. Additionally, it 
confirms the low FMB allows formation of cracks along C-fiber surface. Of course, 
rest particles and grooves need a care to decide whether those matrix behaviors 
result from its own character.  
A composite with T300 CF weave exhibits different interface behavior than a 
composite with YSH 50A CF weave. The area in Figure 6.12a shows no cracks, just 
over-sized pores. It is an unpolished cross-section. Figure 6.12b and 6.12c show the 
effects of the polishing. Some cross-sectioned fibers show adhesive failures at the 
edge of the fibers (Figure 6.12b). These failures are assumed to generate from the 
influence of cutting and polishing, but basically originate in the resin inhomogeneity. 
Except of these failures, the matrix shows within the altercation limits no faults, pores 
and cracks (Figure 6.12b). Figure 6.12c does not show the faults, as pores and 
cracks, over the unpolished cross section of the matrix. Only the breakages, which 














Figure 6.13. Micrographs of composite; Resin A and YSH50A.  
 
The composite made of Resin A and YSH 50A CF weave shows obvious 
cracks between lamellae (Figure 6.13). They are shrinkage cracks, which are called 
the first segmentation, caused by mass losses due to curing. Some cracks run 
parallel through the CF weave layer, otherwise most cracks are within the matrix 
between CF weave layers. There is mostly matrix between layers and that creates 
more shrinkage, which can compensate cracks. Although there are countless pores, 
the composite with T300 CF weave shows also cracks which cross several layers 
(Figure 6.14a). The matrix layer between the CF weaves shows well dispersed pores. 
Moreover, pores appear equally distributed all over the sample, and concentrate just 













Figure 6.15. Micrographs composite; Resin B and YSH50A. 
 
In Figure 6.15, the composite made of Resin B and YSH50A weave shows a 
delamination along the fiber weave layer and the matrix rich zone. Each weave layer 
is well infiltrated by matrix. It is possible to observe various crack types, e.g. a 
transverse bundle crack and a delamination crack, within this composite (Figure 
6.15a) [Yur92]. From A to C, there are many cracks. The first cracks type shows 
within each layer (A) and that is mentioned the first segmentation before. Cracks 
pass through several lamellae and that can confirm the connecting and the growing 
of cracks (B). When the cracks exhibit within in the fiber bundles and then they are 
called the transverse bundle crack. Finally, another type of the cracks extends 
parallel to the fiber weave or the interface between the weave, and the matrix and 
that is called the delamination crack (C). The reactivity between fibers and resins as 
well as the matrix’ volume shrinkage influences the generation of those cracks 
[Yur92]. These crack behaviors can reduce the internal matrix tension, which causes 
the matrix shrinkage, at the high temperature treatment. This behavior of cracks is 
clearly reflected in the composite based on Resin B and C-fibers YSH50A, other 
composites also show similar phenomena. Each composite fabricated by different 
resins shows its own structure, e.g. spacing and arrangements of cracks and pores. 









Figure 6.16. Micrographs of composite; Resin B and T300. 
 
The composite based on Resin B and T300 CF weave shows locally various 
amounts of pores and extended transverse bundle cracks (Figure 6.16). The cracks 
are dispersed continuously all over the matrix. Lots of the clustered pores appear in a 
micrograph and that clustered pores accumulate area as a big pore (Figure 6.16b). 
Many small pores are created within a pore (A) and also if possible merged to longer 
ones. 
Figure 6.17 and 6.18 show details of the composites based on Resin C. They 
are manufactured by using the same resin and identical processing. However, the 
matrix shows different features within the cross-section, depending on the C-Fiber 
type. Each C-fiber layer and the interface between the weave and the matrix appear 
different where YSH50A fiber are used (Figure 6.17). The composite containing T300 
fiber leads to a different microstructure than those with YSH 50A C-fiber (Figure 6.18). 
Although both cross-sections are unpolished fracture surfaces, groves are observed 
on cross-sections of the sample containing YSH50A C-fiber (Figure 6.17a). The T300 
composite shows less traces unpolished surface and leads to different contrasts after 
polishing (Figure 6.18b). Those different unpolished fracture surfaces result from the 
different mechanical properties of fiber types. There are no noticeable matrix cracks 
within the composite (Figure 6.18a). Between fiber and resin matrix, delamination 
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Composites manufactured with Resin D lead to the more porous composite 
that differs in their structure from composites which based on other resins. Whereas 
the other composites compensate shrinkage by creating matrix cracks, the composite 
made with Resin D and Pitch type C-fiber (YSH50A) develops widely spread pores 
combined with low density of cracks (Figure 6.19a). In Figure 6.19b, a fracture 
surface shows the state of the matrix and the fiber-matrix-interaction. It is possible to 
observe different types of pores and cracks. One of them is the crack locally 
restricted to the viewing of a few adjacent fibers (A) and probably created by trapped 
reaction gas (Figure 6.19b and 19c). Cutting and polishing induced effects are 
eliminated inspecting fracture surfaces in each way. Pores tend to serve as priming 
centers for cracks as the crack propagation energy density is reduced by the pore 





       
 














Figure 6.21. Micrographs of composite; Resin D and T300. 
 
  The composite based on T300 CF weave as expected shows almost similar 
matrix behavior as the YSH50A fiber based composite (Figure 6.21). Due to the 
higher FMB of T300 CF, the internal stresses are higher and the formation of pores 
(Figure 6.21a). Cutting and polishing induced effects are also observed in different 
way as the before.  Although composites are based on the same Resin D, the 
composite with T300 CF shows more surface fracture behaviors, with almost no 
damage to the appearance of the main pore and crack behaviors (Figure 6.21b and 
6.21c).  
 Observed cross-sectioned bulk matrices, which are manufactured without C-
fiber, of in-house made resins show fewer pores than the commercial resin (Figure 
6.4 and 6.5). The unreinforced commercial Resin E matrix exhibits partially blind-
alley type pores depending on the observed area, whereas the composite matrix of 
Resin E displays less pores and cracks independently in size. The morphology of the 
a b
a b c 
b 
   
 128
resin matrices shows the differences among the composites which are made of in-
house synthesized resins and CF weaves. The morphology of the composite exhibits 
two tendencies depending on the carbon fiber type of the weave. The composites 
with the pitch type fibers (YSH50A) show more small sized cracks than the 
composites with the PAN type fibers (T300), which show numerous pores on the 
cross-section. Of course, the composite with PAN fiber appears crack behaviors. 
Since they extend multidirectional or they extend together each transverse bundle 
cracks and delamination cracks, it is difficult to mention with general crack behaviors. 
Although that crack behavior is the feature of the composite with PAN fibers, that 
leads to the overlooking. Anyway the resin structure looks – within the available 
resolution - dense, around the pores.  
 
6.3 Conclusion  
 
 Unreinforced bulk matrices lead to lower pore densities on cross-sections than 
composites do in general. It is proven that the fiber type and the weave style are 
reasons to favor the generation of voids during the manufacturing processes (e.g. air 
within the weave structure, surface energy differences between the C-fiber types). It 
is known from other studies about resins infiltration processes into C-fiber performs, 
i.e. infiltration rate, angle of wetting and wettability of weaves influence the generation 
of voids [Muc09, Pat93]. 
The matrices, which are used different in amount, shape and lateral 
distribution of pores and cracks, show almost the same chemical composition in 
fibers. Their phenomena are also influenced depending on the C-fiber type. The 
porosity is revealed by image analysis via optical microscopy and is confirmed by 
observations of unreinforced bulk matrix. In-house made resins show dense bulk 
matrices i.e. less pores and less cracks, though the synthesized Resin D is obtained 
the highest porosity of the volumetric measurement. The density of in-house made 
resin bulk matrices is higher than the commercial Resin E, which has the lowest bulk 
density.   
The morphology of composites differs from the morphology of unreinforced 
bulk matrices. Generally, composites with pitch type C-fiber weave display more 
small-sized cracks that exist in each matrix layer between the weaves. On the other 
hand, composites with PAN type weave show a great amount of pores via the 
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microscopy on their cross-sections. Their innumerable pores look as bubbles, 
sometimes and cracks extend across lamellae multidirectionally. The higher FMB is 
also observed by these composites.  Especially, the composites based on Resin E 
show the better reactivity (i.e. higher FMB) between fibers of both C-fiber types. 
Though, their cross-sections appear few cracks and pores, which show macro-sized 
behaviors within each composite and its lamellae. In-house made resins lead to more 
cracks and pores within the composites, although they show less pores and less 
cracks on the cross section of unreinforced bulk matrices than Resin E.  
Depending on the resin, the morphology shows different, whereas the raw 
resin materials are chemically very similar. The synthesized Resin D is the 
unreinforced bulk matrix material with the highest density and the highest porosity. 
The synthesized Resin C is the unreinforced bulk matrix material with the lowest 
porosity. Both Resin C and Resin D mentioned also specificity via the chemical 
analysis, before. The morphology of the composite depends highly on the type of CF 
weaves. The matrix behavior in the composite differs from the unreinforced bulk 
matrix behavior even it is the same resin. Therefore, it can be stated that there are 
more factors to influence the morphology of the composite matrix than the 
compositions of the resin (i.e. the catalyst for the synthesis or the networking).  
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7  Mechanical Properties  
 
This experimental work is performed to reveal the mechanical properties 
induced by the resins’ serving as the matrix in the composite, i.e. by their chemical 
structure and influences of composite processing. Most investigations of the CFRPs 
describe their mechanical properties. They describe the results of the incorporation of 
reinforcements (e.g. fibers and particles) in a matrix. The effect of reinforcements is 
important for the composite (e.g. CFRPs), not only by their inherent properties but 
also by their geometry of an arrangement in the composite. Reasoning to the 
mechanical properties, there are advantages and disadvantages to apply them 
depending on the desired material properties. For example, the stress and the strain 
behavior can be understood on basic principles [Cha98]. Characteristics of matrix 
and reinforcement together create the final product (i.e. composite properties) and 
display systematical departures. In PMCs and CMCs, the delamination’s slip at the 
interface is more likely than a plastic flow of the matrix as in MMCs. Therefore, the 
limiting shear stress coincides with the interface strength under shear load. The 
polymeric raw material’s shrinkage during the curing process has to be counteracted 
by shear force which is the shear strength and the mechanical sliding between the 
fiber and the matrix that depends on various factors and is described by a friction 
effect [Cha98].  
 Laminated composites with fiber weaves are bind at minimum two or more 
laminates. The stresses in laminated composites vary from lamina to lamina. That 
makes it necessary to consider the laminate force and the impacted moment. Locally 
different inter-laminar stresses depend on the laminate thickness and the inner 
interfaces between the layers. Moreover, the lamina stacking sequence in a laminate 
composite affects the magnitude as well as the sign of the inter-laminar stresses, 
which in turn strongly affects the mechanical performance of the laminate. A tensile 
stress in the laminae can also cause the delamination [Cha98]. The existence of 
plastic deformations of the matrix is controlled as well as the presence of weak 
interfaces, fiber/matrix separation, and the deflection of the crack effect in CFRP 
composites are investigated here. 
 
7.1 Hardness Test 
 




 The hardness measurements are conventionally defined as the resistance of a 
material to permanent penetration by another harder material. After the test load has 
been removed, the remained elastic deformation which is made during measuring is 
neglected [Agg06, Oli92]. Recently, instrumented indentation hardness provides the 
ability to measure the indenter penetration. That is capable of measuring both the 
plastic and elastic deformation of the material under the hardness test. In a 
commonly used method, data are obtained form one complete cycle of loading and 
unloading. And then the two mechanical properties such as the elastic modulus E 
and the hardness H are measured using load and depth sensing indentation 
techniques [Agg06].  
The Martens hardness is measured under applied test forces, similar to as 
standard hardness measurement, applying with a cycle of loading and unloading. 
That includes also the plastic deformation as well as the elastic deformation of the 
matrix, thus the mechanical value describes the hardness value that can be 
calculated for the materials [Rei02]. Performing the Martens hardness test data are 
collected, after the test’s loading force has been removed. Since the effect of elastic 
deformation under the indenter is ignored, just the plastic deformation of the material 
is considered as the hardness. Traditional hardness values can be determined as 
well as additional properties of the material, such as the indentation modulus (EIT), 
the indentation creep (CIT), the relaxation, the elastic and the plastic indentation work 
[Ove02]. This standard procedure is well suited to describe matrix properties as well 
as the behaviors of fiber-matrix interface. The Martens hardness is possible to define 
for the Vickers and Berkovich indenter. However, it is not defined for the Knoop 
indenter or for ball indenters. 
 
The Martens hardness value is calculated from the test loading force F divided 




HM max=  (7.1) 
 
Fmax : the maximum applied load and  
As : the projected area of the impression under load. 
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The Vickers hardness and the Berkovich hardness are possible to compare 
with the Martens hardness by following equations.  
 






















=  (7.3) 
 
In the Vickers hardness test, the optically measured area of the residual impression 
is used in place of the area of the impression under load [Agg06]. 
 

















××=  (7.5) 
 
The Marten hardness (HM) is measured by the force/indentation depth curve 
during the increasing of the test loading force, after reaching the specified test force. 
If other pairs of values are used for the determination of HM during the increasing of 
the test force, only an indentation depth > 0.0002 mm shall be taken into account 
[Wil00]. Anyhow, the used test force for the determination of Martens hardness will be 
noted in the result.  
 
7.1.2 Preparation and Measurement 
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The Martens micro hardness was measured using a digital hardness tester by 
computer controlled system with Fischerscope HM2000 XYm, force-impression 
process according to DIN EN ISO 14577 [Ull1].  
A loading force Fmax 100 mN and a duration time 30s were applied in the 
measurements of this study. The corresponding Vickers hardness was calculated 
from the measured Martens hardness data. Such values as impression hardness HIT, 
elastic modulus EIT, impression creeping CIT, and percentage of elastic deformation 
ηIT of impression Welast/Wtotal were also determined and evaluated. 
 The cured pure resins, formed as unreinforced bulk matrices, were arranged 
suitably to test the non-regular sized parts. The measurement was performed on the 
surface of cured resin pieces. That required at least locally flat areas for the 
measurements. Therefore, rough and aslant surface area were avoided. Before the 
test, the calibration was performed based on a standard plate for confirming the 
indentation as well as the other conditions of the measurement. 
  
7.1.3 Results and Discussion 
 
Through the Martens hardness test, the structural stability, the surface 
stiffness and the brittleness of the resin would investigate. The HM measurement 
preferentially describes the surface hardness of the matrix, because the 
morphological peculiarity can’t be disregarded such as inferences of the pores and 
the cracks. The applied range of the measurement is not only the limited area but 
also the restricted deepness. Moreover, the brittleness of a surface is related to 
surface fracture. That is also affected by indiscernible structure behaviors, as pores 
and cracks, below the surface of harden resins. The hardness test is performed on 
the flat surface, however it can’t be sure of the homogeneity of the matrix below the 
investigated area. Measured Martens hardness values were estimated to reckon 
Vickers hardness (HV), elastic modulus (E) and plasticity of the matrix surface. 
 After measurement, results are displayed by the plastic deformation as 
mentioned before. Depending on the surface rigidity of the matrix, the controlled area 
may show the plastic deformation, which is resulted in the various sizes and forms by 
the indenter.  
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Figure 7.1. Images of the hardness test according to the different bulk matrix of 
cured Resin A (a) and Resin E (b). 
 
 Figure 7.1 displays the analyzed surfaces of the bulk matrix of in-house made 
Resin A (a) and a commercial Resin E (b). They show different surface roughness 
and indentation marks for the matrix’ surface by the optical microscopy. The different 
roughnesses of the surface show the need of a care full preparation before 
measuring the hardness as mentioned before. The Resin A (Figure 7.1a) shows a 
more expanded indentation (≈ 40 μm) than Resin E (≈ 40 μm) (Figure 7.1b) and 
exhibits a more brittle character, which is resulted by more scratches with various 
widths and deepnesses. These features can be compared by phase contrast. As a 
result, it can be estimated optical micrographs by the deformed indentation that 
Resin A shows a higher plasticity than Resin E. The hardness tests of other resin 
matrices are also performed and the results are obtained by the same way.  
The calculated Vickers hardness of matrices are displayed together with 
measured Martens hardness (Figure 7.2), and Figure 7.3 illustrates the elastic 
modulus as well as the plasticity of the resin bulk matrix. All in-house synthesized 
resins, Resin A − D, are weaker, i.e. of reduced hardness compared to the 
commercial Resin E. The Vickers hardness also shows same tendency as derived 
from the Martens Hardness. Resin B shows the highest hardness of all in-house 
made resins, whereas Resin D displays the lowest hardness (e.g. HM 35.84 N mm−2, 
Table 7.1). Beside Resin D, the other in-house made resins are of similar hardness 
as Resin E (around HM 150 N mm−2 and HV 17).  
 































Figure 7.2. Comparison of the hardness; the Martens- and Vickers hardness of bulk 


































Figure 7.3. Comparison between the E-module and the plasticity through the 
surface hardness test (HM 0.1 / 30 / 30). 
 
The elastic modulus and the plasticity appear to be correlated and they are 
recorded by the plastic deformation of the matrix. Generally, each property is 
adversative meaning, their values are not followed the common tendency (Figure 
7.3). Though Resin A has the lower hardness than Resin E, the plasticity of Resin A 
is measured higher by the matrix deformation. However, the both elastic modulus are 
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similar. Resin B and Resin C, which are synthesized by applying a networking 
catalyst, show no peculiarity in the hardness or the elasticity. Resin D displays the 
lowest elasticity of all in-house made resins. Though Resin D has the lowest elastic 
modulus, the plasticity is also the lowest among the synthesized resins. Resin E 
shows the highest elastic modulus and the lowest plasticity that is suited well to 
common theory.  
 





[b] E-modulus [GPa] Plasticity [%] 
Resin A 137.37 15.51 3.28 10.414 
Resin B 164.01 20.03 3.64 8.062 
Resin C 141.51 16.75 3.25 8.976 
Resin D 35.83 4.29 0.89 7.159 
Resin E 173.50 23.39 3.76 5.381 
[a] HM = Martens Hardness  , [b] HV = Vickers Hardness 
 
7.2 Micro-Bending test 
    
7.2.1 Introduction 
 
 The 3-point micro bending test has been used to observe the fracture 
toughness and the fracture strength by the strength and E-modulus of the composite. 
That is also related with the resin’s adhesive characteristic and the reactivity between 
the CF weave layers within the laminae. There are many interfaces in the laminar 
composite that influence the fracture behavior during the bending test. The pores and 
the cracks, within the matrix rich zone as well as the interface of composites, are also 
important factors to enhance or absorb the energy of fractures [Bla03, Yan00]. 
Though, the brittleness of phenolic resin is the inevitable nature, PF resin is decided 
to investigate in this study caused by a good adhesive character and the stability 
during the oxidation and the combustion. Therefore, through the static micro bending 
test, those properties of the in-house made resin would be confirmed by the 
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comparative study about impact-damage and cohesive characteristic.  
 
7.2.2 Preparation and Measurement 
 
3-point micro-bending tests are performed using the micro-bending-test 
devices of Kammrath & Weiss. The test conditions of the three-point measurements 
are a max force of 100 N and loading crosshead speed 30 μm s−1. During the 
measurement, the deformation of the composite is documented by a CCD camera 
(charge coupled device) and by on-line imaging. Bending strength and elastic 











3  )( Stress
××
××=σ  (7.7) 
  
Strain
Stress= (E) module-E  (7.8) 
 
L : applied the measuring length of specimen, 
B : width of specimen, 
h : thickness of specimen, 
F : applied load maximum force, 
W : elongation, 
whereas the stress is represented in normalized (%) units. 
 
L, the specimen length equals the support width span and is given as 40 mm by the 
instrument, and real sample length was set to range between 42 mm < L < 48 mm. 
The width, b, and the thickness, h, of specimen varied slightly. It was tried to maintain 
always similar size i.e. the width, length and the thickness 10 mm x 45 mm x 3 mm. 
Prepared took place by a diamond saw (Struers Accutom-5). The flexural strength 
and the Young’s modulus of the composite are determined from the linear regions in 
stress-strain diagrams of the measurements. 
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7.2.3 Results and discussion 
 
The bending test results, the strength and the elastic modulus (Young’s 
modulus), are correlated to the material condition. The bonding strength of the resin 
between the plies of laminated composite can be investigated by the bending test 
and the preferentially bending geometry. The interfacial bonding strength between C-
fiber and matrix but also inter laminas bonding depends on the interaction of the resin 
with the laminate and lamina structure of the CFRP composite. 
Depending on the resin and the CF fiber weave style, the deformation shows a 
different behavior. The test usually starts in a not stable way because the composite’s 
surface usually is covered by a thin cured resin layer. The unreinforced bulk matrix 
shows a fragile fracture type whereas the CFRP composite shows damage 
tolerances, i.e. a step deformation in the bending tests. Such damage tolerant 




Figure 7.4. Deformation behavior of the cured Resin E bulk matrix (between 123 
and 124 seconds loading time). 
  
 Firstly, the sudden fracture of the Resin E bulk matrix is shown in Figure 7.4. It 
exhibits no stepwise deformations, and matrix is broken in brittle style during the 
bending test at an elevated loading force. The images describe details about 
essential difference in the fracture behavior are seen when comparing Figure 7.4 with 
the following macrographs (Figure 7.5 and 7.7). The fracture in Figure 7.4 occurs 
between 123 and 124 seconds and the applied the maximum loading force is 46.9 N. 
The bending-stress 37.1 MPa and bending-strain 1.31 % of bulk matrix are the 
obtained maximum values and they are based to estimate by the loading force and 
the elongation. The performance of the same resin in a CFRP depends on its 
123s 124s
3mm
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interaction strength with the C-fiber. PAN and Pitch derived C-fiber exhibit 
significantly different fiber matrix bonding strength. This effect is revealed in the 
present investigation by Figure 7.5 ~ 7.8.  
The composites show the different fracture behavior depending on CF weave 
types, PAN or Pitch, i.e. on the FMB. One characteristic is the sequential fracture 
behaviors along the lamina and another is the shear delamination and the buckling 
deformations along the interface.  
Figure 7.5 shows the fracture behavior of the composite with Resin E and 
PAN T300 weave. The fracture behavior typical for this laminate composite is shown 
at different shapes of the bending test. The fracture takes place (in the tensile zone) 






























Figure 7.6. The stress-strain curve of the Resin E bulk matrix and the composite 
based on Resin E and PAN type T300 CF weave. 
 
 The composite based on Resin E and T300 PAN type C-fiber weave shows 
(Figure 7.6). Initial nonlinearities, they are assumed to be created as surface effects 
and only local contacts of sample and testing assembly (no line contact). The linear 
part of the stress-strain curve is considered for evaluation. Unstable surface 
structures caused by pores dose to the surface or by the local matrix enrichment over 
C-fibers at non polished surface also can be considered. After stabilization of the 
interaction area, the loading force applies to the test composite according to the 
theoretical assumptions. The elastic modulus and the bending strength can be 
derived from the stress/strain curve. The maximum bending-stress/strain (377 MPa / 
1.94 %) originates in the maximum load force 340 N. The fracture shows the typical 
behaviors of laminate composites, and the deformation extends each matrix layer 
separately (Figure 7.5). Those characteristics are also confirmed by the stress-strain 
curve (Figure 7.6). The area below the stress-strain curve can also consider as an 
objective measure of the absorbed energy. Moreover, the visible stepwise fracture 
gives information about the fiber-matrix bonding strength between the C-fiber surface 
functionally and the resin type. A significant pull-out is desirable. Depending on the 
internal stresses fracture may occur at often than central areas of the composite and 
influence the crack propagation of the other cracks due to changes in the stress field. 
Bulk matrix
CFRP composite 
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The composites made of Resin E using pitch type YSH50A CF weaves show 
shear delaminating fracture behaviors following the interface and more pronounced 
pull-out effects due to smalls FMB in this case (Figure 7.7). This material exhibits 
more failures and they can influence the fracture type occurring in the bending test. 
The first fracture at the surface did not occur at the expected central area of the 
highest stress. The reason will be the existence of faults and initial of other failure 
mechanism as in the PAN case. Actually the surface includes more pores and cracks 
as well as a lower FMB. Generally, the fracture is created closed to the mid of the test 
material. The crack breaks each layer separately whereas orthogonal layers still tend 
to bridge the cracks. These phenomena are revealed by and documented by a CCD 
camera (Figure 7.8). The fracture deformation is recorded consecutively during the 
test. The maximum loading force 235.1 N with the max. bending stress σ 196.7 MPa 
and the bending strain ɛ 1.07 % are measured. At the low strain part of the strain-
stress curve, linear behavior is instantaneously achieved (Figure 7.8) contrary to the 
composites based on PAN type fibers (Figure 7.6). Though the all fracture 
deformations are revealed along layers by the images (Figure 7.7), the fracture is 




Figure 7.7. Fracture behaviors of the composite based on Resin E and pitch type 
fiber weave YSH50A.  
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Figure 7.8. The stress-strain curve of the Resin E bulk matrix and the composite 
based on Resin E and Pitch type YSH50A CF weave. 
 
 The composite, made of in-house made Resin A and PAN type T300 weave, 
has a lower bending strength, and different fracture behavior as shown in Figure 7.9.  
That does not show the usual deformation behavior of the laminate composites of the 
earlier investigations. The bending test displays almost just one central fracture. This 
fracture is caused by the shear deformation within the inter-laminar region (Figure 7.9 
A). The buckling shown at the compression surface area influences the E-modulus 
(Figure 7.9 B). That bulking is known as being of importance to various material 
properties. The buckling on the composite skin area calls wrinkling and another local 
buckling calls dimpling/intercell buckling. The local buckling influences the inter-
laminar shear deformation. These structural phenomena can also determinate the 
stiffness of composites and reduce the centralization of the tension energy, in this 
test. Not the behavior of the composite but also the inter-laminar bonding strength of 
the resin is correlated to the shear deformation. Since the shear stress needs to by 
accumulated over several layers, quite strong FMB of this composite is assumed by 
the shear deformation. Buckling seems not to induce fracture, directly. 
Bulk matrix 
CFRP composite 
















Figure 7.9. The stress-strain curve and the last fracture behavior image of a 
composite based on Resin A and PAN type T300 weave (A ◌: Central 
















Figure 7.10. The stress-strain curve and the last fracture behavior image of a 
composite based on Resin A and YSH 50A weave (◌: Intercell 




   A 
A B
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Figure 7.10 shows the deformation behavior of a composite based on Resin A 
using pitch type CF weaves, in the bending test. There are many small cracks, 
however, they do not accumulate to a few fractures and cracks. During the bending, 
the presented elliptical voids within interface are confirmed as the location of 
deformation in the composite. Since they reduce the tension stress energy density in 
their surface, the fracture behavior of this laminated composite is different as before. 
Just one time a decrease of the strength appears in the bending test when the 
buckling occurs (Figure 7.10).  
 Figure 7.11 shows the stress-strain curve of the composite made of Resin B 
using T300 CF weaves. The fracture deformation consists of the buckling (lower 
surface) and tensile fracture (upper surface) caused by the brittleness of the resin. 
However each wrinkling events occurs independently, the stress-strain curve 
represented a few fracture steps that deduce the fracture stress by buckling.  That 















Figure 7.11. The stress-strain curve and the last fracture behavior image of a 
composite based on Resin B and T300 CF weave.  
 
 

















Figure 7.12. The stress-strain curve and the image before fracture of a composite 
based on Resin B and YSH50A CF weaves.  
 
The composite based on Resin B using YSH50A weaves shows a deformation 
dominated by local buckling of the composite. This deformation can start not only by 
buckling but also needs the structural failures as e.g. pores and cracks caused by the 
tension stress (Figure 7.12). The composite does not show the usual fracture 
behavior, whereas the stress-strain curve shows a decrease of the matrix strength 
during the bending test. Depending on the fiber type and FMB, the composites made 
of Resin B exhibit different matrix deformation modes, primary fracture or buckling. 
Similar effects are also observed with Resin A based composites. Especially the 
buckling does not occur on mid specimen, because there is the piston which 
introduces the load.       
















Figure 7.13. The stress-strain curve and the last fracture behavior image of a 
composite based on Resin C and T300 CF weave.  
 
Figure 7.13 illustrates how the shear deformation influences mechanical 
material properties. The composite made of Resin C and T300 weave, shows shear 
deformation after the first fracture. The influence of this shear delamination of the 
laminate composite is reflected by the deformation until the occurrence of a second 
fracture changes it discontinuously. The shear delamination, which occurs between 
the first and the second fracture, influences the elastic modulus of the material 
directly. Though that is not completely explaining properties of the material, this 
composite has a higher deformation energy, caused by the every converting shear 
deformation. Since the second fracture, the stress-strain curve shows the typical 
deformation behavior of a laminated composite; more shear delamination steps are 
observed. Two specific fracture types are occurring. The first and second fractures 
occur separately. Till the first fracture, the stiffness of the composite looks like that of 
the bulk matrix. At the beginning of this measurement the elastic modulus appears to 
be linear. The second fracture shows actually same behavior as the first deformation 
caused by the shear delamination. After second fracture the deformation of the 
composite deforms by delaminating the composite along the layers. After the second 
fracture, it can be assumed that the stiffness and the strength of the laminated 
composite are dependent on the thickness and members of laminate layers of the 
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composite.  
The image in Figure 7.14 shows a damage tolerant fracture behavior of the 
laminated composite, by a stress-strain curve with a pseudo plastic deformation 
character. This composite shows a similar stress-strain behavior as other composites 
using pitch type C-fibers of type YSH50A. The micrographs take during the bending 
test represent a fracture behavior, which is also observed in other composites using 
PAN type C-fibers of type T300 weave and higher FMB. Composites of YSH50A 
weave using other resins (e.g. Resin A and Resin B) are buckling. Composite based 
















Figure 7.14. The stress-strain curve and the last fracture behavior image of a 
























Figure 7.15. The stress-strain curve and the last fracture behavior image of a 
composite based on Resin D and T300 CF weave (A ◌: first fracture,  B 
□: final fracture ). 
 
Figure 7.15 shows the fracture behavior of a composite based on Resin D and 
T300-fibers. The first fracture occurs inside the composite and an appearance not 
connected with a surface rupture. Between the layers, more deformations are 
observed causing voids and cracks, which are assumed to absorb fracture energy 
during the bending test. The surface fracture takes place at the end of the bending 
test. The elastic modulus of the composite is undependent from the plastic 
deformation, and does not show a fracture behavior of the other PAN T300 weave 
composites. The composite made of Resin D and pitch YSH50A weave withstands 
more plastic deformation according to the stress-strain curve (Figure 7.16). The 
composite made of Resin D and YSH75A weave shows buckling, which is observed 
also for other pitch weave based composites. This buckling (i.e. wrinkling) occurs 
when pitch weave is used and the fracture type is brittle when PAN weave is used. 
The structural failure influences the performance of the material which can be 
confirmed for the both composites based on Resin D. The occurrence and the 
growth of the fracture crack or the buckling are seen from the different structural 
failure mechanisms of both composites (Figure 7.15 and 7.16).  




















Figure 7.16. The stress-strain curve and the last fracture behavior image of a 
composite based on Resin D and YSH50A CF weave. 
 
The specific deformation behavior of each composite is affected by the 
composite’s structure which on the other hand is influenced by the resin’s chemical 
character and the resin’s FMB resulting in inter-laminar bonding strength between 
weaves. The comparison of the laterally active deformation processes and stress-
strain behavior by the bending test reveals the finally available strength and gives a 
measure for energy conversion by crack the generation and propagation for the 
material. Also it confirms that the tension stress is not distinguished homogeneously 
over entire laminated composite cross-section and also not transferred equally along 
each layer. Whereas fracture, shear and buckling deformation behavior are observed 
clearly their features, the stress-strain behavior of composite does not coincide with 
the explanation of deformation behavior. Ruptures, fractures of the surface, do not 
pass across the composite. Ruptures and fractures often proceed individually, i.e. 
they seem not correlated well with each other. Structural failures, pores and cracks, 
cause the partial fractures within the composite. Also the character of resin as an 
adhesive (FMB) influences the deformation mechanism between weaves. 
 A comparison among all bending tests is performed that covers the elastic 
modulus (flexible modulus) and the bending strength (flexural strength), depending 
on the resin and CF type in Figure 7.17 (PAN) and 7.18 (Pitch). They summarize the 
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strength and the modulus, which were derived from the macrographs (Figure 7.6 − 
7.16). The composites, made of the PAN type CF T300 weave with a resin, display in 
general the higher bending-strengths, independent of the resin type. The composites 
using the pitch type C-fibers YSH50A usually exhibit the higher elastic module overall. 
Instantly, the composite based on Resin D show in combination with the pitch type 
YSH50A fibers a lower modulus even the YSH50A fibers are more stiff than the T300 
fibers. The composites made of in-house synthesized Resin C lead to the highest 
modulus and bending strength among the synthesized resins. Nevertheless the 
commercial Resin E creates the highest bending strengths and moduli in the bending 
tests.  
 
Figure 7.17.  Elastic modulus (left) and bending strength (right) of composites by 
resins with PAN type T300 CF weave; A = Resin A, B = Resin B, C = 
Resin C, D = Resin D, E = Resin E. 
 
Figure 7.18. Elastic modulus (left) and bending strength (right) of composites by 
resins with pitch type YSH50A CF weave; A = Resin A, B = Resin B, C = 
Resin C, D = Resin D, E = Resin E. 
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For comparisons the results bar graphs are prepared (Figure 7.18 and 7.19), 
to find out correlations between the elastic modulus and the bending strength of the 
composites based on different resins and C-fibers. The elastic modulus is determined 
from the measured strain-stress curves in the linear parts. The quasi-plasticity 
appears nonlinear part in the stress-strain curve at the beginning of the bending test. 
The deformation is primarily induced by the resin’s properties or coating state.  
The 3-point micro bending test is a useful technique in studying mechanical 
properties as the strength and the elastic modulus. The reactivity of the resin on one 
side and the compatibility with the surface functionality of the C-fibers (it differs 
between PAN and Pitch type carbon fibers) on the other side are responsible for the 
inter-laminas and interlaminar bonding strength.  
Therefore the fracture behavior depends on the crack energy absorption 
mechanisms within each layer and those between the layers in the laminate. In Pitch 
C-fiber case, delaminations between C-fibers inside the layers and between the 
layers are able to absorb crack energy. In the PAN C-fiber case, the bonds between 
C-fiber and matrix are stronger and the tendency for delamination is reduced. On the 
other hand stronger fiber-matrix-bonds (FMB) are a prerequisite for increased shear 
forces between C-fibers and matrices. This cases are realized e.g. by PAN and Pitch 
C-fibers. The increased FMB accompanied with PAN fibers and its composites 
explains the superior bending strengths of PAN fiber derived composites when 
comparing them with Pitch fiber derived composites prepared by using the same 
resin and processing. 
 
7.3 Conclusion  
 
The commercial Resin E shows the highest hardness among all tested 
commercial and in-house synthesized bulk matrices. In-house made Resin B and C 
are synthesized using catalysts (EtO)4Si and (EtO)4Ti for modifying the network of 
these alternatives resins (B, C). They lead to higher hardness than the other not 
catalyzed in-house made resins (A, D). Resin D produces the lowest hardness and a 
low E-modulus in combination with Pitch type C-fibers. Generally the elastic modulus 
and the quasi-plasticity are behaving reciprocally. This experimental investigation 
determines the hardness and the elastic modulus and shows that follow the same 
proportional trend. The pseudo-plastic behavior of the deformation of the matrix can 
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not be described by the same physical parameters; they need complementary 
surface sensitive information causing the C-fiber surface functionality.  
The static 3-point micro bending test reveals the bending strength and the 
elastic modulus of the composites. The resin’s inter-laminar bonding strength and the 
FMB can be rated by the analysis of the deformation behavior, e.g. by the shear 
deformation behavior until fracture. The bending strength of the composites made by 
PAN type C-fibers differs from composites using pitch type C-fibers. The bending 
strength of PAN fiber appears higher than pitch fiber. The composites based on PAN 
type CF weaves show the crack generation (delamination) along the laminae. The 
experiments are complimented by the stress-stain curves. Though the pitch type YSH 
50A C-fiber has the higher tensile strength and tensile modulus (Data sheets, 
Chapter 4), the composite based on pitch type C-fibers leads to a just slightly higher 
modulus than the composite with PAN C-fibers. The resin and its processing 
influence the structure of the composite. Depending on the C-fiber type, the 
composites show different tendencies for the deformation in bending test. Those 
deformation mechanisms are correlated to the composite’s structure (Chapter 6) and 
depend on the amount, size and local distribution of closed pores and cracks as well 
as on the cohesion of the matrix (dependent on the network density) and the FMB. 
The composites with the pitch type C-fibers exhibit a more pronounced pseudo-
plastic deformation type and higher moduli compared to the composite with the PAN 
type fibers. Pitch fiber based composites tend for buckling (i.e. surface or kinking) 
during the bending test. Depending on the C-fiber type for manufacturing the 
composite, the resin generates the different FMBs which play an important role for 
the achieved mechanical properties as well as for the micro structure which is 
created. The mechanical properties (e.g. stiffness and modulus) and the structure (i.e. 
between fiber and matrix, the interface composition, and microstructure) depend on 
each other.  
As a conclusion the networking catalysts cause the resin to become a harder 
matrix (Resin B and Resin C). Unreinforced bulk matrices of Resin B and C show 
higher hardness and modulus than cured Resin A and D. Depending on the C-fiber 
type, the composites show a tendency in their structural features and the  
deformation behavior depends on them. The composites based on Resin C have 
both higher bending strengths and higher elastic moduli in the synthesized resins. 
The composites with in-house made Resin B show a low bending strength and an 
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unstable modulus, although the hardness and modulus of the resin bulk matrix are 
higher. The local distribution of pores and cracks as well as the deformation mode 
(fracture or buckling) are features of the composite induced by the resin-fiber 
interaction. So, the investigation of mechanical properties leads to the conclusion that 
the Resin C is suited to fabricate composite with reduced structural failures. Also, the 
compatibility of Resin C with different C-fiber types appears to be better than that of 
the other in-house made resins. The reason is that the obtained network type and 
mash width is more compatible of both PAN and Pitch-C-fibers and therefore creates 
an optimized performance for both. 
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8 Summary and Conclusion 
 
8.1 Summary  
 
 In order to reveal and correlate the results of the experimental studies 
(mechanical, microstructural etc.) the chemical characteristics of the resin is 
well controlled i. e. it is depending on well defined synthesis conditions. 
Synthesized resins are identified concerning to their chemical state, 
macro/micro structure and mechanical properties. Subsequently the 
experiments are used to elaborate the main influences of the resin chemistry on 
the resin properties; their peculiarities are compared. 
 The resins are synthesized under various conditions that turn them suited 
to cure under the regime of a well defined time-temperature profile. Resol type 
resins, which are synthesized at a low temperature (< 60 °C) and an alkaline 
environment (pH < 9), remain as long as just a partial curing process 
(prepolymerization) takes place. Higher temperatures and pH constitute better 
conditions for the synthesis of a resol type resin. However, the raw resins are 
polymerized and solidified during the synthesis, when the reaction-temperature 
is over 90 °C. 
 The in-house made resins are characterized by their molecular structures 
that show a typical phenol-formaldehyde resol resin structure. The commercial 
Resin E serves as an industrial reference resin. Concerning the synthesis 
conditions no essential differences are expected. FT-IR and NMR 
spectroscopical investigations show wide spectral bands which reveal that 
synthesized resins already contain more –OH (hydroxyl), –O– (ether) and H2O 
(water) within the bridges binding the pre-polymer molecules. Also it can be well 
understood that the more water is generated and remains in the synthesized 
resins, the more is released by the thermal degradation during a thermal 
analysis (STA). Catalysts may influence the reaction mechanism during the 
curing, though they rarely affect the elemental composition but the chemical 
characteristics of resins as the final products of the synthesis.   
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 Synthesized resins show dense bulk matrices with less open pores and 
cracks on their cross-sections. As a matter of fact they have a higher density 
than the commercial Resin E. A lower open porosity of in-house made resins is 
proven by two-dimensional image analysis. Only Resin C reaches a 
comparable low level of porosity as the Resin E for which this finding is based 
on three-dimensional measurements. The morphology of the matrix in a 
composite is based on the interaction between the resin and the fibers differs 
significantly from the morphology of a mechanically unrestricted bulk matrix 
even it is the same resin is used. The structure of composites depends highly 
on the C-fiber surface functionality, fiber type, bundle size and weave style. 
Composites with pitch type CF weave display more small-sized cracks in each 
matrix layer between weaves due to a generally less strong fiber-matrix bonding. 
Other composites using PAN type CF weave show pores and multi-directionally 
extended cracks across the lamellae. One of the reasons are the systematically 
higher fiber-matrix bonding forces of PAN derived C-fibers compared to Pitch 
based C-fibers. The morphology of composites in this case is more influenced 
by the C-fiber type than the resin. Resins can show quite different FMBs 
depending on the kind and intensity of the fiber-matrix interaction. 
 The commercial Resin E shows the highest hardness in the all bulk 
matrices. Synthesized Resin B and C are modified using catalysts (EtO)4Si and 
(EtO)4Ti, which lead to higher hardness compared to other in-house made 
resins. Generally speaking, the behavior of the elastic modulus and the quasi-
plasticity are not correlated directly to the synthesized resin matrices in this 
experiment. However, the hardness of matrices is nonlinearly proportional to the 
elastic modulus. The bending strength and the elastic modulus of composite are 
revealed by a 3-point bending test, which can describe the interlaminar bonding 
strength and the FMB via the shear deformation behavior. The composite using 
PAN type C-fibers of the same undulation thickness shows a higher bending 
strength and the delamination appears within the interlamella matrix. The 
composite based on pitch type C-fibers show slightly higher modulus than the 
composite using PAN CF weaves, whereas the pitch type YSH 50 A C-fiber has 
the higher tensile strength and tensile modulus than the PAN type T300 C-fiber. 
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Depending on type of the C-fiber, composites also show different deformation 
mechanisms that are dependent on the morphology of composites. The 
composites with pitch type C-fibers exhibit more pseudo-plastic deformation 
types and the composites with PAN type C-fibers tend to buckling during the 
test. It can be concluded from the experimental results that depending on C-
fiber types and their functionality, the same resin may generate varying FMBs. 
They are important but not easily controllable factors to adjust the mechanical 
properties and the structure. The composites based on Resin A and D show 
pronounced bending strengths and elastic moduli depending on C-fiber types. 
Resin B shows the highest hardness and modulus of the bulk matrix among the 
synthesized resins, though the composites based on Resin B show a lower 
bending strength. The composites based on Resin C are obtained the higher 
bending strength and the elastic modulus than other composites made of other 
synthesized resins. That phenomenon of Resin C’s composite can be 




The experimental investigations lead to following main conclusions: 
 The viable synthesis conditions for the established time-temperature 
profile are the reaction temperature ≈ 80 °C, 9 ≤ pH ≤ 10 and the F/P molar ratio 
of 2, in this experiment.  
 In-house made resins are confirmed that their molecular structure is 
similar to the main molecular structure (e.g. hydroxymethylphenol) of common 
PF resins. Their chemical composition and chemical structures are very similar 
before and after curing. But synthesized resins contain more hydroxyl groups, 
which can generate more water during manufacturing processes, than a 
commercial resin. The networking catalysts influence and control the reaction 
mechanisms during the curing process. Especially, the catalyst (EtO)4Ti has an 
efficient effect on the networking to bind methylene bridges which are ideal 
bonding between the low molecular molecules. The influence of the catalyst on 
the resin’s networking can be confirmed by the main exothermic behavior at 
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162 °C and not second exothermic behavior at a higher temperature about 
200 °C as other in-house made resins.  
 In-house made resins create the dense bulk matrix i.e. less pores and 
cracks which are expected to get created randomly in the bulk matrix but with 
special symmetries in case of fiber reinforced matrices (segmentation). From 
the matrix behavior (i.e. more pores and cracks) of composites, it can be 
assumed that reduced FMBs within C-fiber reinforced composites based on 
suitably synthesized resins can be created, even if the fiber functionality is not 
changed.  
 The mechanical properties of the bulk matrix differ significantly from the 
mechanical properties of composites made of the same resin. Furthermore, 
depending on the C-fiber type, composites tend to show different tendencies for 
deformation; i.e. the involved mechanisms are related to the morphology of 
composites. The composites using PAN type C-fibers show both, the 
deformation behavior of fracture and delamination which lead to be the higher 
bending strength compared to the composites using pitch type C-fibers. The 
pitch type C-fibers based composites show a slightly higher elastic modulus by 
the stress-strain curves and more buckling at the surface/kinking by 
macrographs. Resin C, which is synthesized using network catalyst (EtO)4Ti, 
shows higher hardness of the bulk matrix. Moreover, both composites based on 
Resin C have higher bending strength and elastic modulus in the synthesized 
resins. The curing behavior of Resin C at a lower temperature caused by the 
catalyst (EtO)4Ti leads to be dense networking of a resin’s bulk matrix and be 
higher FMBs within composites. 
 Therefore, it is revealed that the hydroxyl group of the resin leads to both, 
a matrix smoothening as well as the generation of more voids. Since the bulk 
matrix and the composite based on Resin C show higher properties (e.g. 
hardness and bending strength), the catalyst (EtO)4Ti is suited to network the 
resin by the curing. So it is justified to rate Resin C as well suited and 
applicable for the composite fabrication.  
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